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Abstract
Given the significance of numerous practical applications in thermo-fluid me-
chanics for circular cylinders in cross-flow and the lack of research on the effect of
surface’s roughness and free-stream turbulence on heat transfer from cylinders in
cross-flow, a study on these effects is necessary. This work aims to gain a deeper
understanding of the individual and common effects of roughness and turbulence
intensity on the boundary layers around the cylinder and their effects on local and
total heat transfer enhancement. For that purpose, wind-tunnel experiments were
used with four levels of surface’s roughness (0 < /D 6 7.25x10−3) and different
levels of turbulence intensity (2.2% - 9.7%).
The Reynolds number was varied at a range of 16000 6 Re 6 87000. The test
cylinder had an outer diameter of 50 mm and a length of 100 mm, producing
an aspect ratio (L/D = 2) in the cross-flow direction and a blockage ratio (D/B =
0.4). A hot wire anemometer system was used to perform the velocity field
measurements and to obtain the mean and fluctuating velocity information. A
micro-foil heat flux sensor was used to measure local heat flux. The study also
extended to creating a surface temperature map using an IR thermal camera.
From the results, it has been found that the boundary layers around the cylinder
are most strongly influenced by free-stream turbulence and surface roughness
which play an essential role in enhancing thermal performance by increasing
turbulence in the boundary layer. The existence of these two factors augmented
the heat transfer, but the surface roughness had a greater influence than the
free stream turbulence. The value of the critical Reynolds number was also
affected where it decreased according to surface roughness and/or free stream
turbulence values. Combining the effects of roughness and turbulence intensity
led to multiplying the heat transfer; an increase of turbulence intensity from 2.2%
to 9.7% resulted in an 80% increase in the mean heat transfer at Re= 7.5x104 at
the high surface roughness (/D = 7.25x10−3).
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Latin Symbols:
Symbol Description Definition Units
p¯ Pressure coefficient 2(pθ−p∞)
ρu2∞
1
D Cylinder diameter – m
p∞ Static pressure of free stream – N/m2
q Heat flux – W/m2
Tf Film temperature
Ts+T∞
2 K
AR Aspect ratio cylinder LD 1
u´ Turbulent Fluctuation – –
u¯ Turbulence Strength urms m/s
λx Dissipation length scale – m
As Surface area – m2
CD Drag coefficient
FD
1
2ρu
2A
1
Cf Skin drag coefficient
2τw
ρU2∞
−−
cp Specific heat of the fluid – J/kgK
CP Pressure coefficient 2∆PρU2∞ −−
CDf Friction drag coefficient – −−
F Frequency of vortex shedding – Hz
FD Drag force – N
H Test section height – m
h Forced convection heat transfer
coefficient
W/m2K
I Current – A
IR Infrared band – –
L Length of the cylinder – m
LD Hydraulic diameter – m
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Lx Turbulent length scale – m
Nu Nusselt number hDk 1
Nuθ Local Nusselt number – 1
pθ Local pressure on cylinder sur-
face
– N/m2
Pe Electrical power – W
P r Prandtl number
µCp
κ 1
QL Local heat transfer – W
QCond Conduction heat transfer – W
QConv Convection heat transfer – W
QRad Radiation heat transfer – W
Qtot Total heat transfer(heat losses) – W
Re Reynolds number UDv 1
Rec Critical Reynolds number – 1
s Distance along the curved sur-
face of the circular cylinder
measured from the forward
stagnation point
– m
St Strouhal number
f LD
u 1
t Time – s
Ts Surface temperature – K
Tu Turbulence Intensity Tu =
u¯
Umean
%
T∞ Free-stream temperature – K
u Longitudinal velocity – m/s
u s-component of velocity in the
boundary layer
– m/s
U∞ Approach velocity – m/s
U(o) Potential flow velocity just out-
side the boundary layer
= 2U∞ sinθ m/s
Umean Mean velocity – m/s
4
Nomenclature Nomenclature
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UV Ultraviolet band – –
V Voltage – V
v Vertical velocity – m/s
Subscripts:
Symbol Description Definition Units
∞ Free stream conditions (main
flow)
Cond Conduction
Conv Convection
f Film condition
L,θ Local condition
Rad Radiation
s Surface, wall
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1.1 Introduction
The fluid flow over cylinder is one of the most important classic problems in
thermo-fluid mechanics and has been well examined due to its widespread occur-
rence in various applications and in many forms. The circular cylinder structure
can be used in groups and alone in heat exchange equipment, gas compressors,
gas or steam turbines, and different turbo-machinery and aerodynamic systems.
A comprehensive understanding of the flow dynamics around the cylinders,
like separation of the thermal boundary layers, the wake region, the free shear
layer, and vortices dynamics, is further complicated, especially with interactions
between the shear layers and Karman vortex [1]. The problem is made more
complex by many formations resulting from different flow patterns and the result
of their interactions. There are several environmental factors that can affect
the boundary layers’ development around circular cylinders, such as various
surface irregularities (roughness), free-stream turbulence, and acoustics. When
the levels of these circumferential impacts are not large, the developing process
is well recognized by the (normal) transition sequence, including the laminar
separation bubble, laminar turbulent separation, turbulent transition, shear layer,
and Karman instabilities.
Most of the published research is concerned with the influence of geometric
cylinder parameters on overall or local heat transfer coefficients, and drag coef-
ficients. Some researchers were interested in the flow direction (angle of attack)
and others in the effects of oscillatory flow (free stream turbulence) on the bound-
ary layer. Free stream turbulence and cylinder roughness have been identified
as the major causes of travelling and stationary flow instability. There are also
signs that interaction between these two factors may meaningfully influence flow
disturbance development that leads to enhancing heat transfer.
At the early stages of flow measurements, researchers utilised various tech-
niques in data recording. For the last two decades, a great deal of on-line data
acquisition systems, like infra-red (IR) systems, have been developed for com-
puters . Such systems contribute to forming the data-base for boundary-layer
research and give important information regarding the understanding of the heat
transfer and flow behaviour in the heat exchange systems. However, although
there is a great deal of research, factors that affect thermal boundary layers are not
completely understood. Some of these factors are free-stream turbulence, surface
roughness, wall temperature, pressure gradient, blockage ratio, and even the
local Mach number. Therefore, this study has focused on the two most important
factors: free stream turbulence and surface roughness.
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1.2 Motivation for this study
Although wall roughness is a defining feature in many practical fluid engineer-
ing applications, most of the research on boundary layers has focused on smooth
walls. Both experimental technicalities and numerical methodologies have been
used to examine the outstanding features of boundary layer flow around smooth
cylinders. Surface roughness in boundary layers and free stream levels have been
observed to cause a considerable modification of the flow structure and turbulent
transport phenomena in the region close to the roughness elements. These modi-
fications may include enhanced mass, heat, and momentum transfer. However,
the impacts of roughness and free-stream turbulence (FST) on separated and
reattached flows are not well understood.
1.3 Objective and scope of research
The objective of this experimental study is to obtain a better understanding of
flow and heat transfer around a circular cylinder. This understanding will allow
for a clear interpretation of boundary layers analysis and heat transfer efficiency in
this complex flow and will provide answers to questions regarding the importance
of free-stream turbulence and surface roughness in heat transfer enhancement.
The main purpose of the present study is to investigate the impact of turbulence
level (FST) and wall roughness at different Re numbers (1.6x103 - 8.7x104) on flow
field and on the boundary layer around circular cylinders.
This objective was achieved using an experimental methodology. Specifically,
local surface temperature and local heat flux around the cylinder were measured
over four levels of wall roughness (smooth, fine, middle, and rough) with different
level of turbulence in the free stream (2.2% - 9.7%). Particular emphasis has been
placed on the interaction between free stream turbulence and the flow field in the
wake region. In addition, the study extends to investigate the surface temperature
distribution map of cylinders. A novel technique (IR thermal camera) was used
for that purpose.
Hot Wire Anemometer system was employed to measure mean velocities and
turbulent intensities, Heat Flux Sensor was used to calculate local heat transfer co-
efficient and thermocouples was used to perform the temperature measurements.
Briefly, the study focused on heat transfer from the smooth cylinder, then the
effect of turbulence intensity and the roughness together and individually on local
and overall heat transfer from the circular cylinder.
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2.1 Theoretical Background
2.1.1 Flow across a circular cylinder
The hypothesis of an ideal fluid depends on the probability of slip between
the fluid and the surface without internal friction between boundary layers (the
absence of the boundary layer). The velocity distribution of an ideal fluid across a
cylinder is represented by [2]:
U (o) =U∞(sinθ)[1 + (
Ro
R
)2] (2.1)
where Ro is the distance from the cylinder axis to its surface, R is the distance
from the cylinder axis to the point considered, and u∞ is the main velocity. It is
clear that the tangential velocity ux declines with the distance from the surface
and reaches its maximum amount on the surface of the cylinder (R = Ro):
U (o) = 2U∞sinθ (2.2)
It is obvious that the velocity is zero at the front and rear stagnation points
and maximum value at θ = 90o. The velocity is relating the longitudinal pressure
gradient by the Euler equation:
− dp
dx
= ρu
du
dx
(2.3)
The value of the pressure distribution on the cylinder surface is determined by
substitution of (2.2) into (2.3):
P =
pθ − p∞
ρU2∞/2
= 1− 4sin2θ (2.4)
where p∞ is the static pressure in the channel.
Equation (2.4) suggests that pressure is inversely proportional to velocity,
and pressure has a maximum value at stagnation points and a minimum at the
central section. A result of asymmetrical pressure distribution around the cylinder
surface, Figure 2.1, the cylinder offers no resistance to the flow of an ideal fluid
and thus a zero value for the force on the cylinder. The real fluids case is different
where the pressure distributions are non-symmetrical because of the influence
of viscosity. The non-symmetrical pressure distribution brings a net force on the
cylinder and this force has the substantial impact on the pressure drop across the
cylinder and the viscous interaction of the fluid and the cylinder surface is the
main cause of existence the boundary layer, more details in Appendix A.
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2.1.2 The initial system of governing equations
The fluid dynamics and heat transfer in a steady, and two-dimensional boundary
layer are governed by the following partial differential equations [2]:
Continuity:
∂(ρu)
∂x
+
∂(ρv)
∂y
= 0 (2.5)
Momentum:
ρ
(
u
∂u
∂x
+ v
∂u
∂y
)
=
∂τ
∂y
− ∂p
∂x
(2.6)
Energy:
cpρ
(
u
∂T
∂x
− v∂T
∂y
)
=
∂q
∂y
(2.7)
with the boundary conditions which are corresponding to an isothermal sur-
face, i.e.:
u = v = o, T = Ts at y = 0 (2.8)
u = u∞, T = T∞ at y =∞ (2.9)
Where the x and y denote the horizontal and vertical coordinates, respectively,
and u and v denote the horizontal and vertical fluid velocities, respectively, and T
is the temperature. Further details can be found in Appendix A.
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Figure 2.1: Pressure distribution around circular cylinder: 1- potential flow
(analysis); 2- subcritical flow of air (Re = 8x104) (experiment); 3- critical flow of
water (Re = 2x105) (experiment) [2].
2.2 Fluid Flow and Heat Transfer Characteristics
The flow rate plays a key role in the nature of flow around the cylinders as
they where both the location of the flow separation from the cylinder surface and
position of laminar-turbulent transition point depend on the Reynolds number.
Figures 2.2 and 2.3 show the interaction between a cylinder surface and a fluid flow.
The flow rate passes through four ranges: the sub-critical, the critical, the super-
critical and the trans-critical regimes (see Figure 2.4), which are characterized by
a unique boundary-layer behaviour. With an increase in the Reynolds number,
the drag coefficient rapidly drops because the separation point shifts downstream.
This range is termed the critical flow regime and Recr is denoted the critical
Reynolds number when the drag coefficient shows a minimum value.
The flow pattern around the cylinders in cross flow significantly affects heat
transfer. The variation in the local Nusselt number (Nuθ) around the surface of a
cylinder in cross flow has been determined [3] and is shown in Figure 2.5. On the
x axis is the angular position around the cylinder. For all Reynolds numbers, the
Nusslet number is high at 0o where a stagnation point is formed as the flow meets
the surface. At sub-critical flow, as the angle increases, Nu decreases due to the
thickening of the laminar boundary layer. The Nusselt number reaches a minimum
between 80o and 90o, then (Nuθ) rises with increasing θ because of the extreme
mixing in the wake region (the separated flow) [2, 3]. The point of separation
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is identified from the graph of local heat transfer where Nu numbers reach the
first minimum value. Following this point, the local Nu number grows due to the
extensive turbulence that occurs over the rear half of the cylinder.Nonetheless, at
sub-critical flow, the local Nu number over the front part is larger than the rear
part and increases with Reynolds numbers, which happens due to the fact that
the swirls recirculate some portions of the heated fluid [2, 4, 5]. Zukauskas [2]
reported that the zone beyond the cylinder consists initially of separated boundary
layers then vortices which rotate in the same location or are shed orderly from
the surface and thus exhibit vortex street phenomenon. Zijnen [6] demonstrated
the weak adoption of the average Nu number from the rear half of the cylinder
on the Reynolds number and suggested the linear relationship (Nu = 0.001Re) to
determine Nu.
At the critical flow, the boundary layer slips laminarly until θ reaches about
110o where the flow changes significantly. The laminar boundary layer separates
at this point to form a free shear layer (see Figure 2.2), which promptly transits
downstream to turbulent flow. Lastly, the free shear layer re-attaches to the
surface, which are manifested as separation bubbles which help to improve the
heat transfer due to the increased exchange of the mainstream to the surface.
The separation point moves downstream to the angular position θ = 140 which
leads to a significant gaining of the static pressure in the rear half then reduce the
drag coefficient. At the same time, the local heat transfer rate gradually increases
beyond separation point [7].
In the super-critical flow range, the drag coefficient grows up again (see Figure
2.4). the separation bubbles area disappear, and the laminar boundary layer direct
transit to the turbulent. With further increasing Reynolds number (trans-critical
flow), the laminar- turbulent transition displace on the front half causing the
separation point moves upstream and increase the drag force.
Many studies focused on the relationship between heat transfer rate and mass
flow rate [7–13]. Sanitjai and Goldstein [11], Buyruk [12] and Zukauskas [7]
reported an upstream shifting of the location of minimum Nu as well as an
increase in local and overall Nu when Re is increased, while some studies [8–10]
indicated that the second minimum point was a result of the re-attaching shear
layer in the wake area as part of the laminar boundary layer nature. Kraabel
et al. [9] found that, at laminar flow (sub-critical), the free shear layer might
reattach. The periodic swirls did not become fully turbulent, and the swirl -
forming zone was away from the rear cylinder surface. Thus, the influences
of the re-attached periodic swirls and free shear layer on heat transfer were
comparatively weak. Additionally, he clarified that the turbulent shear layers
that accompanied larger Re numbers gave higher mixing than the laminar shear
layers that accompanied low Re numbers. The measurements of Sanitjai and
Goldstein [11] showed an increase in convection heat transfer from the rear half,
especially the rear stagnation point (Rsp) of the cylinder, compared to the front
half, and Norberg [13] found that the mixing and turbulence at the back of the
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cylinder increase with Re.
Flow and pressure measurements on smooth and rough cylinders for the
sub-critical up to super-critical Re number range were covered in numerous
studies [14–24]. By analogy, the studies at high Re numbers (trans-critical regime)
were moderately rare [17, 24–32]. Since it was hard to build up the required
flow conditions for the trans-critical regime in a wind tunnel, in the greater
part of these investigations, either the velocity of the flow was very high and,
therefore, compressibility impacts were included [28] or the diameter of the
cylinder was extremely large, which increased the effect of the blockage ratio
(D/H). This brought about a wide scatter in the measured information such as
pressure coefficient, drag coefficient, and Strouhal number [24].
With the beginning of boundary layer studies, the impacts of blockage ratio on
both the fluid dynamics and heat transfer from cylinders under various thermal
boundary conditions have been the subject of several investigations [2,7,12,33,34].
Buyruk et al. [12] examined the effect of the blockage of a single tube in
the tunnel. They predicted that the local heat transfer coefficient and pressure
distributions would change dramatically for blockage ratios more than 0.7, and
the average Nusselt number increases by about 10 % when the blockage ratio
increases from 0.131 to 0.5, while Peller [34] suggested that the increasing in
heat transfer about 23 % which is an appropriate average of various workers
(∆Nu/Nuβ=0 = 0.23). West and Apelt [33], examined the impacts of differing the
aspect ratio (L/D) and blockage ratio on pressure distributions. They observed that
the significant distortion for the flow accompanies blockage ratio more than 16%
and a decrease in aspect ratio influences the pressure coefficient, however, blockage
ratio has the greater effect compared with aspect ratio. Zukauskas, and Ziugzda
[2], correlated the effects of channel blockage and different free-stream geometries
on the flow profile and heat transfer region around the circular cylinders. They
have expressed the distribution of velocity outside the boundary layer in terms
of blockage ratio to evaluate the distribution of heat transfer. Zukauskas and
others [7] reported that increasing the channel blockage from 0 to 80% prompted
the separation point to move downstream to θ = 100o, and the minimum pressure
to be migrated from θ = 70o to 90o. Their theoretical calculations showed that
increase the blockage ratio lead to increase the heat transfer from the frontal half
of the cylinder.
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Figure 2.2: Boundary layer formation and separation around a circular
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Figure 2.3: The effect of flow rate on separation [36].
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Figure 2.4: The hydraulic drag coefficient as a function of the Tu. [2].
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Figure 2.5: Difference of the local heat transfer coefficient over the circumference
of a circular cylinder in cross flow of air [3].
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2.2.1 Effect of Free-Stream Turbulence and Surface Roughness
Laminar-turbulent transition does not take place concurrently in all areas
around a circular cylinder, but a series of transitions occur over a wide range
of local Re numbers. The transition flow relies on the upstream velocity distribu-
tion, surface roughness, surface geometry, surface temperature, and the fluid kind,
among others, and primarily on mainstream velocity [36, 37]. The heat exchange
between a cylinder and the flow around it can be increased by augmenting the
disturbance in the thermal boundary layer, which is considered as the first reason
for heat transfer resistance. This disturbance might have occurred either by an
external effect, such as increasing FST, or by an increase in the internal turbulence
in the boundary layer itself through roughening of the cylinder surface. The exis-
tence of optimal geometries of the roughness elements on the heat transfer surface
may even prompt the entire destruction of the boundary layer [2, 38]. Only two of
the most common disturbances in practical usage will be debated in this section:
turbulence intensity FST and surface roughness. Figure 2.6 and Figure 2.7 show
the effect of turbulence level of mainstream and surface roughness ,respectively,
on the coefficient of drag.
2.2.1.1 Effect of Free-Stream Turbulence
The turbulence in the main stream is described by three parameters: Tu turbu-
lence intensity, Lx turbulence scale and Tf frequency spectrum of random velocity
fluctuations. The affecting factors Tu and Lx affect various transition states in a
various way. In most practical uses, the main stream is turbulent, however most
of the research has been accomplished in wind tunnels free of turbulence. Low
levels of disturbance can impact significantly in several transition conditions.
The dominant factor is Tu turbulence intensity and Lx turbulence scale can be
important in a few flow systems [39].
The impact of the turbulence length scale Lx on local Nuθ number stays highly
controversial. Some previous researchers [40, 41] noticed that the integral length
scale encounters a critical value of heat transfer and thus the Nusselt number will
consistently diminish with expanding integral length scale. Some other [42, 43]
recommend a negative relation between the turbulence length scale and heat
transfer.
Numerous experiments [44–51] have been led to examine the issue of flat plate
boundary layer with respect to the free stream turbulence. They showed that the
initial disturbances in the boundary layers are quickly affected by increasing the
turbulence intensity of free-stream, while laminar to turbulent transition takes
place by randomly forming in turbulent spots. As a result, the breakdown is
occurred rapidly by vortices traveling cross-flow. They also presented the linking
between the transient growth and streaky structure. This number of experiments
covered many new concepts for the early improvement of instability to secondary
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instability and breakdown. The main results of these studies are as follows:
• An increase in turbulence intensity accompanied by the promotion of tran-
sient growth which is correlated with the streaky structures. Transient
growth has a significant role in the boundary layer response. The surface
roughness can enhance these impacts as well.
• The Response of boundary layer is non linearly when free-stream turbulence
increasing. In the transition region, the thickness of the boundary layer
decreases slightly under the laminar flow field and then increases faster in
the turbulent flow.
• Due to the incidence of the turbulent spots, the momentum losses are always
smaller than in the turbulent flow due to the decrease of skin drag friction.
When boundary layer separation happens close to the front part of a cylinder,
there is a high probability that these layers will reattach again on a downstream
segment of the cylinder. This relies on upon the cylinder dimensions (blockage
and aspect ratios), and level of free stream turbulence [39].
With an increase in turbulence intensity, the critical Reynolds number is
decreased extensively, Figure 2.6. This affects the separation position and the
profile of the heat transfer curve in the wake region [2, 52–54]. According to
Scholten and Murray [54, 55], at an angular distance from θ ≈ 85o to θ ≈ 150o,
a slight hump in the Nu number distribution on the cylinder wake region due
to secondary vortices in this region, Figure 2.8 . After this point, θ ≈ 150o, the
second increase in the Nu number appears because of the high shear force created
by the unsteady flow and the irregular vortex shedding in the wake.
Much of the focus of the previous studies on the heat transfer rate was on the
stagnation region [2, 52, 53, 56, 57]. Vanfossen et al, [56] showed that when the
turbulence intensity is increased, Nusselt number increases at the front stagnation
point and in the boundary layer over the front of the cylinder, and Sanitjai [57]
reported that as turbulence level increases, the Nusselt number increases at the
front stagnation point, however, decreases at the back stagnation point as a result
of a smaller wake-width brought on by the deferral of separation. In addition,
free stream turbulence increases the heat transfer coefficient and accelerates
the laminar to turbulent transition. While Sak et al, [43] and Peyrin et al, [58]
indicated that increases in free turbulence intensity lead to increase heat transfer
rate at Reynolds number larger than 104 and Laminar - turbulent transition does
not occur at low Reynolds numbers range, however, the turbulence intensity still
effects clearly, and its effect tends to be larger for higher Reynolds numbers.
In particular, the effect turbulence generated by grid on flow behaviour and
lift force at cylinder sections has been treated by [59, 60]. By using (PIV), Westin
et al, [60] provided database with respect to the cylinder wake region, It has
been found that the shear stresses have normal values nearer to the vortices
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centre , while the maximum stress are present around the vortices, and owing
to the blockage ratio, the drag coefficient is found greater than in unconfined
flow conditions. Blackburn and Melbourne [59] reported that at low free-stream
turbulence (turbulence intensity Tu= 4.6%), periodic vortex shedding transpires
in the sub-critical and critical flow fields, while at high turbulence intensity, vortex
shedding occurs beyond the critical flow field regimes.
A previous studies in the turbulence intensity have shown its effect on the
heat transfer at most positions around a circular cylinder. Present work is an
experimental study of the combined effect of surface roughness and the main-
stream turbulence intensity on the local and overall heat transfer from a circular
cylinder and their effect on thermal boundary layer. In particular, the possibility
of an interaction between these two effects is investigated.
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Figure 2.6: The hydraulic drag coefficient as a function of the Tu. [2].
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Figure 2.7: The effect of surface roughness on the drag coefficient of a sphere [61]
20
Chapter 2.
Background and
Experimental Evidence
Effect of Free-Stream Turbu-
lence and Surface Roughness
[a\
0 20 40 60 80 100 120 140 160 180
0
50
100
150
200
250
300
350
Angle (deg)
N
u
θ
Re = 7200 Re = 21600
Re = 36000 Re = 43150
Re = 50350
(a)
0 20 40 60 80 100 120 140 160 180
0
50
100
150
200
250
300
350
Angle (deg)
N
u
θ
Re = 7200 Re = 14400
Re = 21600 Re = 28750
Re = 36000 Re = 43150
(b)
Figure 2.8: Comparison of local Nusselt numbers from measurements with values
obtained from Scholten at β = 0.2: (a) Low turbulence level Tu= 0.5 [54], (b) High
turbulence level Tu = 8.5 [55].
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2.2.1.2 Effect of Surface Roughness
The surface roughness can be described by at least two Influential parameters:
the first is the relative size of the roughness,  and the other is the texture of the
roughness. The majority of the previous studies were performed on the roughened
surfaces described by the /D parameter (relative roughness). Generally, the
roughness of surfaces increases the coefficient of drag in turbulent flow regime.
However, for blunt bodies (like a sphere, and circular cylinder), increasing the
roughness of the surface might reduce the coefficient of drag. [36], Figure 2.7. As
shown in this figure, the lower limit of the drag coefficient and critical Reynolds
numbers dependent upon the roughness conditions..
Different elements of surface roughness have been examined to illuminate the
impact of surface roughness on both flow characteristics and heat transfer rate.
The most popular roughness shapes that usually used with wind tunnel studies
involve the following: sand-paper [14–16, 27, 62], sand-grain [63, 64], arrays of
rods [65, 66], and regular arrangements of pyramids [17, 38, 67, 68].
The impact of surface roughness on the thermal boundary layer and heat
transfer coefficient around the circular cylinder has been investigated in several
experimental works [17, 27, 38, 65, 67, 68], and numerical studies [69–71]. The
works related to the effect of surface roughness on hydrodynamic fields such as
lift and drag coefficient, velocity characteristics and pressure drop, it can be found
in studies [14–16, 72].
Achenbach [17, 27, 38] carried out a series of experimental studies to inves-
tigate the impact of surface roughness on heat transfer and flow field around
a circular cylinder at different flow regimes. A two-roughness technique was
reproduced by sand paper warping around the cylinder (it is described in [27] and
by using regular arrangements of pyramids [17, 38]. In these studies the variation
of the relative roughness (/D) was 1.1× 10−3 to 9× 10−3.
Achenbach´s results [27] showed that the drag coefficient is not influenced by
both /D and Re number if the values of both of them are large enough. However, it
continues to depend upon relative roughness even at high Re, when the /D is not
high enough and the value of drag coefficient is lower for small relative roughness.
Achenbach´s experiments [17, 38] showed that the subcritical flow range was not
affected clearly by the surface roughness, Figure 2.10. However, the roughness
factor played a significant role in the local and total heat transfer coefficient in
critical and super-critical flow conditions (an increase in the relative roughness
was accompanied by augmenting in heat transfer), Figure 2.9, and in trans-critical
flow, surface roughness increase heat transfer by a factor approximately 2.5.
Because of the surface roughness, the boundary layer pattern around the cylin-
der surface undergoes to sharp changes [73]. Achenbach, [38] and Zukauskas,
[2, 73] reported that the beginning of the critical flow regime strongly depends on
the roughness of the surface and occurs at lower Re number with bigger roughness
elements, Figure 2.10. At low Re numbers, the laminar boundary layer surrounds
rough surface parameters totally and the surface roughness does not affect on total
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heat transfer, while at bigger Re numbers, where the boundary layer is thinner
than the height of roughness parameters and total heat transfer is completely
dependent on surface roughness.
The temperature profiles and the local heat transfer coefficient in the boundary
layer were measured to examine the impact of the roughness on the natural
convection along a vertical cylinder [68]. Experimental results show that due
to the surface roughness which increases of the real surface area, the local heat
transfer rate for water decreases slightly about 5% in the laminar region and
increases slightly about 5% in the turbulent region.
The studies [65, 67] focused on the impact of the relative roughness on the
convective heat transfer coefficient. Kolar’s results [67] show that the surface
roughness reduces the mean velocity and increases the friction factor as well
as the heat transfer coefficient that increases just as much as to compensate the
loss of the kinetic energy when compare under the same pressure drop in a
smooth surface. While Gomelauri [65] reported that the increase of heat transfer
coefficient reached a maximum value when the spacing to height ratio of roughness
element (repeated-rib) was equal to 13 and this result did not depend on the cross
section of the roughness element.
The effect of the roughness of the surface on the flow separation and devel-
opment of the boundary layer has been implemented in a number of research
papers [14, 15]. Batham [14] conducted measurements at the critical Reynolds
number for both a smooth cylinder and a cylinder with sandpaper roughness.
It was found that the free-stream turbulence leads to an increase in the level
of vortex energy for the rough cylinder. On the other hand, turbulence in the
behind of the cylinder has high intensity (in excess of 10%) at Reynolds numbers
of 1.11× 105 from a rough cylinder while at a smooth cylinder Reynolds numbers
reach 2.35 × l05. In a uniform flow field, the impact of the roughness on the
boundary-layer development and mean-pressure distributions are explained by
Guven [15], who used five sandpaper sizes over the Reynolds-number range 7×l04
to 5.5× l05. This study shows that even at high Reynolds numbers, the roughness
of the surface has a substantial effect on the mean-pressure distribution. Also, the
relationship between surface roughness, pressure-distribution, and drag coeffi-
cient factors may be described based on boundary layer behavior. Particularly, it
also is shown that the higher roughness makes the boundary layer thicker, and
then a larger distortion in momentum around the cylinder.
An analysis of preceding papers shows that the fundamental question in these
studies dealing with the influence of rough surface on comparatively turbulent
flow regime. In low Re flows, the impact of roughness on the heat transfer
coefficient was weak. Although the wide investigations on the laminar flow
performance in heat transfer around the circular cylinder, such as Lange [74–76],
there has been a limited debate regarding the effect of the roughness of cylinder
surface on heat transfer coefficient for laminar flow fields. With the extensive
progress in mini- and micro-fluidic systems, and thus the fluid flow is laminar
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because of the miniature size of the design, investigators have shown a growing
attention in the heat transfer from rough surfaces in laminar flow fields [77–
80]. Generally, in these studies, the rough surface is modelled directly by using
different shapes blocks periodically spread on the surfaces except in [81], who
used different way (radial fins) to modelling the effect of roughness to enhance
of heat transfer around the cylinder.It was found that short fins minimize the
heat transfer rate of a cylinder. While with long fins, this influence is reversed,
where the magnification of the surface can compensate for this influence. Also,
the results suggest that for a specific value of Re number and fin height there was
an optimum number of fins to get the maximum Nu number.
Comparable with the direct modelling of roughness, different investigations
have been suggested to calculate the influence of surface roughness. Particu-
larly, Koo [82] proposed an equivalent concept of a layer of porous material for
modelling the rough near-surface region. By using the same technique, Bhat-
tacharyya [83] investigated the effect of a thin porous wrapping around the circler
cylinder on the increase of surface heat transfer rate. He revealed that the heat
transfer rate from the cylinder could meaningfully decrease using a slim porous
layer has same thermal conductivity as the cylinder.
All the studies analysed so far in this section, regarding the influence of
cylinder roughness on heat transfer, nevertheless, all suffer from a matter that
they did not investigate the effect of free stream turbulence on heat transfer from
a rough cylinder in a cross-flow.
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Figure 2.9: Variation of local heat-transfer coefficient at Re = 2.2x105 and
different roughness parameter, [27].
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Figure 2.10: The total heat transfer coefficient as a function of Reynolds number
and different roughness parameter (/D), [27].
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2.2.2 The empirical correlations of heat transfer
Presently there are a number of offered empirical correlations to evaluate local
and average heat transfer around a smooth heated cylinder (Table 2.1). These
relations have been arranged by using two different fluid properties bases. One
set uses the cylinder surface temperature to estimate the fluid and flow properties
and the other set use film temperature. Most of the earlier researchers have
studied the heat transfer of forced convection over a circular cylinder varying from
high diameters to thin wire with a wide range of Reynolds numbers and various
fluids, following is a brief outline of the most common empirical correlations,
which are used for a circular cylinder in cross-flow. Some of the correlations and
experimental data were replotted in Figure 2.11.
Table 2.1: The empirical correlations of the local and average Nusselt number
around smooth cylinder
Author Correlation Range of Reynold Range of Prandtl
Churchill and Bernstein [84] Nu = 0.3 + 0.62Re
1/2P r1/3
[1+(0.4/P r)2/3]1/4
×
[
1 + ( Re282,000 )
]4/5
(1) 100− 107 Re.P r > 0.2
Morgan [85] Nu = 0.148Re0.633P r
1
3 (2) 5× 103 − 5× 104 −
Zukauskas [7] Nu = 0.26Re0.6P r0.37
[
P r
P rw
]0.25
(3) 103 − 2× 105 −
Sparrow [86] Nu = 0.25 + (0.4Re1/2 + 0.06Re2/3)P r0.37
[
µ
µw
]1/4
(4) 1− 105 −
Khan [87] Nu = 0.593Re1/2P r1/3 (5) 1− 105 > 0.71
Whitaker [88] Nu = (0.4Re1/2 + 0.06Re2/3)P r0.4
[
µ
µw
]1/4
(6) 1− 105 0.67− 300
Perkons and Leppert [89] Nu
[
µ
µw
]0.25
= (0.31Re0.5 + 0.11Re0.67)P r0.4 (7) 40− 105 1− 300
Achenbach [38] Nu = 0.18Re0.63 (8) > 104 0.72
Sanitjai and Goldstein [11]
Nu = 0.446Re0.5P r0.35 + 0.528((6.5eRe/5000)−5
+(0.031Re0.8)−5)−1/5P r0.42
(9) 2× 103 − 105 0.7− 176
Nu0 = 1.11Re0.5P r0.35 (10) 2× 103 − 105 0.7− 176
Sarma, and Sukhatme [90] Nu0 = 0.91Re0.5 (11) > 1200 −
The Frossling factor (Nu/
√
Re) is provided from Frossling [91] as a function of
the angular position from the front surface of a cylinder. In the laminar boundary
layer region θ 6 60o, theory and experiment come to an agreement where the
Nusselt number is proportional to
√
Re. Generally, In the incompressible fluid
flow (Pr=0.7), the Frossling number may be used to normalized Nusselt number.
Churchill and Bernstein [84], based on large number of experimental data,
they proposed semi-empirical correlation, Eq.(1) in table 2.1, where all properties
are estimated at the film temperature. This relation is quite comprehensive
equation that covered entire range of Re and Pr number. Morgan [85] showed an
extensive evaluation of literature on convection from smooth circular cylinders
and recommended her own correlation equation.(2). Most early studies were
interested with overall Nusselt number from circular cylinders that was reviewed
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in [7, 85], correlation Eqs(2)-(3), respectively. From previous studies for circular
and non-circular cylinders, Sparrow et al. [86] collected the data on average
Nusselt number and proposed the correlation Eq.(4). All fluid properties in this
equation are calculated at the free-stream temperature and µw is calculated at the
temperature of the cylinder surface.
Whitaker [88] recommends the comprehensive correlation Eq.(6). Which all
properties (except µw) are evaluated at average fluid temperature. Eq.(6) is valid
for µ/µw = 0.25 − 5.2. Achenbach [38] investigated experimentally the impact
of surface roughness on the Nusselt number around a cylinder and he proposed
a correlation, Eq. (8) for smooth surface cylinder. Sanitjai and Goldstein [11]
studied the local and average heat transfer from a cylinder. They proposed an
empirical correlation to predict the average Nusselt number Eq.(9) and heat
transfer of stagnation point Eq.(10) , Also, Sarma, and Sukhatme [90] presented
equation (11) for heat transfer of stagnation point.
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Figure 2.11: Total Nusselt number as a function of Reynolds number for smooth
circular cylinder in cross flow.
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Experiments were carried out in an open-circuit wind tunnel. The apparatus
consisted of a Perspex working section through which air was being drawn by two
centrifugal fans. The test cylinder ( 0.05 m outer diameter and 0.125 m long) were
inserted horizontally into the working section at right angles to the direction of
airflow and positioned half-way between the floor and the roof of the test section.
The air entered the apparatus by way of a bell-mouth to ensure smooth entry of
the air to the testing chamber. To prevent fan induced bulk flows from the fan
back into the test section, honeycomb flow straightener was placed after the test
section. A traversing mechanism available on top of the test section for moving
and controlling the instruments.The apparatus is shown in Figure 3.1 and Table
3.1 provides specifications of the centrifugal fans.
Table 3.1: Fans specification
Fan Type Max Air Flow Fan Speed Intake Dim. Power Max. Current Voltage
m3/hr rpm cm (inch) watt A V
Gryphon 1200 2850 20.32(8) 750 5.8 220-240
Alpak 1200 2800 20.32(8) 750 4.5 220-240
3.1 Wind Tunnel
The open-circuit wind tunnel was made from carbon steel, it was approximately
2.5 m (long), consisted of a 125 mm square cross section becoming 200 mm circular
cross section , a test section was a rectangular duct (200 mm long) and 125 mm
cross-section: Details of the test section was shown in Table 3.2 . The walls were
(20 mm thick-clear acrylic plexiglass). The test cylinder was fastened horizontally,
1250 mm from the wind tunnel entrance. A graduated throttle valve in the fan
duct discharge was used to adjust the flow velocity. The velocity range (without
the cylinder in the test section) ranging from 3 m/s to 31 m/s corresponding to a
cylinder-diameter Reynolds number of 10,000− 102,000.
A pitot tube and HWA probe were positioned of the test section. It could be
traversed in the wind tunnel providing information on the velocity profile. In
addition, to full check of flow in the cross section, five traversing holes were pro-
vided, and for exploring the wake flow pattern, at traversing position is provided
downstream of the cylinder [93].
Mid plane mean velocity profiles of the test section are shown in Figures
3.2, 3.3 and 3.4 and the pressure drop is shown in Figure 3.5. The maximum
cross-sectional variations in the approach velocity, were ±4% (mostly ±0.5% )
of the mean over the traversed area. The velocity profile was considered to be
sufficiently uniform. the presence of the test cylinder resulted in a more uniform
velocity distribution although the velocity was slightly reduced.
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Table 3.2: Details of the test section and test cylinder
1- Test section
Material Plexiglas
Working cross-section 12.5× 12.5 mm2
Thickness 20 mm
Fluid Air - approximately 23oC
2- Test cylinder
Material Aluminum 6082T6
Diameter 50 mm
Length 100 mm
Aspect ratio 2
Blockage ratio 0.4
Centrifugal Fans
Graduated Throttle Valves
Test Section
Test sylinder
Manometer / H.W.Probe
Perforated Plate
Manometer
PicoLog Recorder
Variable Regulator
Power Transformer
Figure 3.1: The experimental test rig and instrumentation for air flow and heat
transfer studies of a cylinder.
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Figure 3.2: Velocity profile with different mass flow rate at mid working section
without cylinder measured on (a) horizontal line (b) vertical line.
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Figure 3.3: Velocity profile with different mass flow rate at mid working section
with cylinder measured on (a) horizontal line (b) vertical line.
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Figure 3.4: Velocity distribution in a section normal to the flow upstream from
the test cylinder at mid working section at max. mass flow rate (0.51 kg/s)
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Figure 3.5: Pressure drop across the cylinder plotted against mass flow rate.
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3.2 Heated Cylinder
Tested were performed using a heated cylinder (50 mm outer diameter and 10
mm inner diameter) of aluminium type (6082T6), 100 mm long mounted between
two extension rods of Teflon (PTFE): The diagram of the test cylinder was shown
in Figure 3.6. The effective ratio (aspect ratio = L/D) of the cylinder was 2 and
the blockage ratio (β) D/B = 0.4. The PTFE mounts also served as insulators,
reducing axial conduction losses. A circular graduated flange was fitted in the
heated cylinder to allow the cylinder to be rotated about its central axis whilst in
the wind tunnel in 10o increments. A protractor was mounted on the test section
wall to set the angle, as illustrated in Figure 3.7.
The aluminium was polished to achieve a smooth surface for the smooth
cylinder. Details of the test section and test cylinder was shown in Table 3.2.
A cartridge heater installed in the centre of the aluminium cylinder acted as
a heat source. The heater was supplied from AC power transformer. The RS
37259 a voltmeter with ±0.1% sensitivity was used to acquire the highly accurate
heater voltages. The variable regulator was used to maintain constant surface
temperature over the length of the cylinder.
To achieve constant surface temperature, the test cylinders were manufactured
from aluminium, which has a high thermal conductivity (k = 180W/mK) and the
cylinder wall has thick (20 mm) which working as heat store to recompense for
the temperature differences because of changing the circumferential heat flux.
The fundamental assumptions in the analysis was:
1. The heat transfer was two-dimensional and steady flow (infinite cylinder).
2. The radial heat flux at the internal diameter of the cylinder was constant.
3. Inner temperature of the cylinder was equal to the surface temperature of
the cartridge.
4. The electrical power was fully converted into heat which was dissipated by
convection and radiation.
5. The differences in surface temperature were only due to the local variations
of the heat transfer coefficient.
3.2.1 Cartridge Heater
A 400 W cartridge heater manufactured by Invotec was used, Figure 3.8. The
cartridge also contained a thermocouple (type-J), which gave the heater tempera-
ture. It was embedded in the core of the heater at the mid-span [94]. For ensuring
access to the steady state and as an alternative to a surface thermocouple which its
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reading fluctuation due to the effect of free-stream turbulence, this thermocouple
was used.
Figure 3.6: A schematic diagram of the test cylinder
Figure 3.7: A circular graduated flange and a protractor mounted on test section
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Figure 3.8: A Diagram of High-Density Cartridge Heaters [94].
3.2.2 Thermocouple Arrangement
Mercury-in-glass thermometer and thermocouple at the air, the inlet and outlet
temperature of the air is determined. Local surface temperatures are obtained
from heat flux sensor (see section 3.3).
The output from the thermocouples junction and heat flux sensor were logged
on a computer through data acquisition system 8 channels of a PicoLog data logger
(USB TC-08). The thermocouples reading were calibrated against a reference
thermometer, cartridge thermocouple gives an uncertainty of ±0.35 oC and surface
thermocouple give an uncertainty of ±0.2 oC in each temperature reading.
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3.3 Heat flux Sensor
The heat flux sensor used was thin film sensor (manufactured by Rdf Corpo-
ration) it measured both the surface temperature and heat flux. The sensor was
flexible and could be attached to flat or curved surfaces. The key features of
the sensor are shown in Figure 3.9. The heat flux is determined by measuring
the temperature difference across a micro-foil of polyamide (Kapton) of known
thermal conductivity [95]. In order to increase the sensitivity (magnitude and
resolution) of the electrical signal for the smallest possible surface area, five pairs
of thermocouple junctions were arranged on opposite sides of the film, as shown
in Figure 3.10.
A Type T thermocouple junction is also incorporated on the sensor. To protect
this junction, it is inserted between two layers of thin Kapton film. The total
thickness of the sensor was around 0.3 mm. The heat flux measurement area was
5 mm by 16 mm. The maximum operating temperature of 260 oC, limited by the
polyamide components of the sensor. Table ( 3.3) shows main specifications of
heat flux sensor. A more detailed descriptions of this type of sensors is given by
Ortolano and Hines [96].
Table 3.3: Specifications of heat flux sensor [95]
Specifications
Nominal sensitivity 3.488 µ V/ (W/m2 )
Maximum recommended heat flux 113 kW/m2
Response time 0.4 s
Thermal capacitance 1021 J / (m2 -oC )
Thermal impedance 0.002 oC/ (W/m2)
Maximum operating temperature 260 oC
The flux sensor was calibrated at the Rdf Corporation for the temperature
range of -200 oC to 200 oC at a base temperature of 21 oC, and a multiplication
factor is provided as shown in Figure 3.11. The nonlinear nature of this is a result
of changes in the thermal properties of the sensor. The procedure to determine
the heat flux from the voltage signal of a sensor is described in detail [97] and [98].
The voltage differential created by the sensor (es) is proportional to the heat
flux crossing through the sensor (qs) the constant (c) is determined by:
qs =
es
c
(3.1)
37
Chapter 3. Experimental Arrangement and
Instrumentation
Heat flux Sensor
[a\
The manufacturer supplied calibration constant (c) for this heat flux meter is
3.488 µV /(W/m2).
A RdF micro-foil heat flux sensor is mounted on the centre - plane of the
heated cylinder by using two-sided adhesive tape. The sensor is then connected to
the data acquisition system to monitor the heat flux and surface temperature at
the specific point. The Single-Channel Terminal Board plug was connected to a
channel on the TC-08 to convert it to a high-resolution data logger (20-bit) and to
let measuring heat flux voltage signals.
Thermocouple pairs
Thermocouple junction
Leads
Figure 3.9: The heat flux sensor.
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Figure 3.10: Deyails of the heat flux sensor thermocouple pairs and
connections [99]
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Figure 3.11: RdF Heat Flux Sensor Calibration Curve
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3.4 Turbulence level
3.4.1 Hot wire system
The determination of all turbulence quantities was carried out using hot-wire
probe (DISA type 55P16) and a constant temperature hot-wire anemometer
(MiniCTA 54T30). The data was sent to the PC by means of a National Instrument
(NI 9215) board compact with (NI cDAQ-9171) which has a 16-bit ADC resolution
and conversion time 4.4 µs. All signal data were acquired using Labview software.
A calibrator unit (T SI, Inc.,Model1125) was used to calibrate the hot-wire (Sec-
tion 3.4.3). Turbulence statistical quantities like turbulence intensity and integral
length scale were all provided by using data analysis programs (MATLAB and NI
DIAdem) ( see the example in Appendix B to calculate the turbulence fluctuation
velocity, the integral time scale, and dissipation length scale).
3.4.2 Turbulence-Generating Grid
To promote free-stream turbulence to the desired intensity, perforated plates
(3 mm thick, 125 mm wide and 125 mm high.) made from Perspex were used.
Perforated plate are chosen instead of grid because they enable to create a flow
that approximated isotropic and homogeneous flow, even for a high turbulence
intensity of free stream [43, 100, 101], and hence the lateral scale of the stream-
wise velocity component is nearly half the longitudinal one (in agreement with
isotropic turbulence theory [39]). The FST homogeneity is essential in order to
have the same circumstances all around the test section.
Based to a prior experimental work [43] and for obtaining nearly isotropic
turbulence downstream grids, the solidity ratios were selected according to special
design requirements. De Silva, [102] declared that the solidity ratio of grids
generating turbulence should be less than < 60%, to achieve almost isotropic
turbulence.
Turbulence nature downstream from perforated plates cannot be specified in
theory but is known that it depends on the solidity area ratio and the perforation
diameter. The disparity of these two factors with various levels of mass flow rate
led to achieving different combinations of turbulence intensities and turbulence
length scales at various downstream positions. Table 3.4 shows the different
perforations patterns which were tested to chose some of them in the present
study. Each plate was varied in hole diameter, hole spacing, and a number of holes
to provide different solidity. These perforated plates were located in upstream
drawers that are easily changed during runs and positioned normal to the flow,
Figure 3.12. Technically, the same technique and the same experimental procedure
were applied as those described in [43, 58, 101, 103, 104].
The perforated plates were positioned at the different distances from the
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beginning of the test section to get a variety of turbulence features. The variation
of the turbulence intensity Tu as a function of the distance from the entrance of the
test section for the seven of plates is shown in Figure 3.13, and the pressure drop
due to these plates is shown in Figure 3.14. Preliminary experiments have shown
that the turbulence intensity increases with the diameter of plate perforations and
decreases with the distance from the promoter, while the pressure loss depends
on plate solidity. Thus, Plates 1, 5,6,7 were chosen at about 100 mm upstream
from the entrance of the working section to get lowest pressure losses and a good
variety of turbulence characteristics. The schematic diagram of these plates are
shown in Figure 3.15 and the turbulence properties are shown in Table 3.5.
Table 3.4: Details of turbulence generating grids (Perforated plate)
Plate No. Hole diameter (mm) Hole number Plate solidity
1 © 12.5 (Circle) 81 36.4%
2 © 12.5 (Circle) 64 50%
3 © 12.5 (Circle) 49 61.5%
4 © 20 (Circle) 25 50%
5  11.2 (Square) 81 35%
6  15.3 (Square) 49 26.6%
7  22.6 (Square) 25 18.3%
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Figure 3.12: Diagram of the perforated plate in drawer.
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Figure 3.13: Variation of turbulent intensity with the distance of perforated plate
from test section.
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Figure 3.14: Pressure loss due to the different types of perforated plates at
various flow rates.
Table 3.5: Details of turbulence intensity and integral length scale.
Plate No.
Turbulent intensity
T u (%)
Integral length scale
Lx (mm)
without plate 2.2 ≈ 55
1 4.9 7
5 5.2 11.1
6 8.1 15.3
7 9.7 25.2
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(a) Plate 1 (b) Plate 5
(c) Plate 6 (d) Plate 7
Figure 3.15: Schematic diagram of the perforated plates patterns (Plates 1,5,6,
and 7. (All dimensions in mm)
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3.4.3 Hot-Wire Probe Calibration and operating Principles
The hot wires calibration is done either by procedures depend on known heat
transfer laws or a completely empirical procedure [105]. The empirical procedure
consists of getting the hot wire output voltage as a function of many variables and
this procedure is seldom used because of time consumption. The other procedure
that based on a heat transfer law from the hot wire assumes for the case of forced
convection and for isothermal fluids [106], the correlation in this method between
the voltage output of the hot wire probe E and the velocity component U in the
mean-flow direction is:
E = F(U ) (3.2)
The purpose of a calibration is to get a set of measurements point (E,U ) over
the selected velocity range. To guarantee appropriate accuracy it is common
practice to perform 10−20 readings of (E and U ) equally spaced over the required
velocity range [107].
A calibrator unit (T SI, Inc.,Model1125) was used to calibrate the hot-wire.
The schematic of the experimental set-up and the relevant dimensions are shown
in Figure 3.16.
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Figure 3.16: The schematic of the experimental set-up and the relevant
dimensions
The calibrator contains a settling chamber with a contoured nozzle, allowing a
very smooth and laminar air flow at the exit section and a set of control valves,
pressure and temperature transducers and a probe holder, to calibrate the hot
wire at the straight to the air flow and the center of the nozzle exit section.
Flow control valve is used to adjust the air flow. A K-type thermocouple is used
to measure the air temperature inside the chamber. The temperature of air reached
the constant temperature by passing it through the internal heat exchanger with
auxiliary fan, the temperature was required to calculate the density of air and
compensate the hot-wire calibration if it deviated from the over-heat adjustment.
Air pressure was measured by a differential manometer which had a range of
0.00 P a to 5000 P a and an accuracy of ±1 % and is able to set velocities from
0.5m/s to 91m/s.
By applying Bernoulli's equation between two sections, the velocity can be
calculated.
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P1 +
1
2
ρu21 + ρgh1 = P3 +
1
2
ρu23 + ρgh3 (3.3)
By using continuity equation between section 1 and 3, we get:
u1A1 = u3A3 (3.4)
The diameter ratio between cylinder 1 and the nozzle is 18.95 (72/3.8), by
assuming the maximum velocity in the nozzle is 25m/s, we get:
u1 =
u3A3
A1
=
25× 14.44
5184
≈ 0 (3.5)
Position the hot wire (Point 3) is about one diameter (4mm) downstream from
the nozzle at the center, in that case, the static pressure is equal to the atmospheric
pressure, therefore by measuring that ∆H is 0, the mean velocity, U, was calculated
through the relationship:
Ptot − P = 12ρu
2 (3.6)
where Ptot is the total pressure, P is the static pressure, and ρ is the air density.
To guarantee a sufficient accuracy for hot wire anemometer, it is necessary to
reduce the calibration errors and select suitable curve fit. King 's law (Eq. 4.8) [108]
has been used extensively to describe the correlation between the anemometer
voltage and the fluid velocity. In this method, to get the selected velocity, it
is important to use a data inversion process [109]. instead of King 's law many
previous investigations George et al. [110] have indicated that good approximation
may be obtained with a polynomial relationship:
u = c1 + c2E + c3E
2 + c4E
3 + c5E
4 (3.7)
where U is the air velocity, E is the hot wire anemometer voltage output and c1
to c5 are the polynomial constants. Here a fourth order polynomial has been used
and is shown in Figure 3.17.
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Figure 3.17: Hot-wire probe calibration curve
To reduce the effect of the velocity turbulent and the electronic noise, the
voltage data were collected over 60 s period and the sampling rate was logged
at 5 kHz. The turbulence level was less than 1% in the potential core. The hot
wire calibration takes about two hours, and therefore the calibration had to be
done repeatedly during the measurements because the hot wires tend to attract
dust that leads to a change of the resistance of the wire then increasing the error
percentage.
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3.5 Surface roughnesses
Previous workers have used sandpaper strips or emery paper to give a homoge-
nous roughness for flow measurement [111–114]. However this method was not
suitable for heat-transfer experiments. In this work the roughness was produced
by knurling the surface of the aluminium cylinder. Roughness manufactured by
this technique results in regularly shaped of pyramids, with a rhomboidal base.
The same method was used by Achenbach [17, 38]. Photograph of smooth and
rough cylinders is shown in Figure 3.18.
The latest technology used to measure the roughness of the surface is the
optical techniques and the computer vision systems which have many advan-
tages compared to the stylus instruments. They are less expensive, a non-contact
method (non-destructive technique) and have the capability of measuring rough-
ness parameters in three-dimensional coordinates to survey the surface topog-
raphy qualitatively. Therefore, Keyence VHX-5000 digital microscope was used
to measure the pyramid features and also demonstrated some asymmetries, as
it seen in Figures (3.20 - 3.23). Additionally, it was used to calculate the surface
area of rough cylinders and compares it with the smooth one, Figure 3.24 shows
digital photograph for calculating the surface area of middle roughness cylinder
(/D = 3.25× 10−3).
3.5.1 Roughness statistically
Varied statistical parameters were utilized to analyse surface roughness informa-
tion. Some of them are quickly described in below. Table 3.6 shows the statistical
roughness parameters that considered having the strongest effect on the flow and
Figure 3.19 shows the comparison between the roughness profile for the cylinders
surfaces. For more details regarding these and other roughness parameters can be
discovered in [115–118].
The arithmetic mean (effective height) of surface roughness in Table (3.6) is
the average absolute values of surface height deviations from the mean value.
Mean () =
1
N
N∑
i=1
|hi − h¯| (3.8)
where h¯ is the mean surface elevation (
∑
hi/N ) and N denote the data points
number in the surface scan. This essential parameter which is an effective and
simple tool for looking at roughnesses of surface. It was used to determine the
relative surface roughness of the cylinders in this study.
the root- mean-square (rms) is another tool to quantify the surface height data
distributed around the mean height, computed as
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rms =
√√
1
N
N∑
i=1
(hi − h¯)2 (3.9)
The impacts of peaks and valleys on the boundary layer growing are expected
to be different. The roughness pattern trend toward peaks or valleys is determined
by the parameters height distribution skewness (Sk) which is mathematically
described as the third moment of the height distribution of elements about their
mean value:
Sk =
1
N.3rms
N∑
i=1
(hi − h¯)3 (3.10)
Negative values of skewness indicate that the roughness distribution is on
average less from the mean elevation in comparison to elements depths (i.e. The
surface height distribution It tends to be a flat surface with pits). Conversely,
positive values indicate the inverse (a flat surface with lumps).
The kurtosis is the fourth order central moment and indicates to the degree
of data spread to describe the flatness of the roughness density function, it is
quantified by:
Ku =
1
N.4rms
N∑
i=1
(hi − h¯)4 (3.11)
A normal distribution has kurtosis 3. If the surface with a relatively large
number of pits and bumps (more peaked than a normal distribution), the kurtosis
will be greater than 3. Whereas the kurtosis is less than 3 if an approximately flat
surface with some pits and bumps.
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Table 3.6: Dimensions and surface statistics of the roughness patterns.
/ Rough Middle Fine Smooth
Lower roughness height (mm) 0.32 0.14-0.15 0.03-0.04 /
Larger roughness height (mm) 0.39 0.165-185 0.11 /
Arithmetic mean,Eq.(3.8),
(Effective height) (µm)
361.96 162.55 56.61 6.23
rms (µm),Eq.(3.9) 406.56 196 65.34 7.04
Skewness (Sk),Eq.(3.10) -0.58 -0.15 -0.28 0.635
Kurtosis (Ku),Eq.(3.11) 2.13 1.747 1.68 2.92
Pitch (mm) 1.6 1.1 0.65 /
Helix angle 75o 75o 75o /
(ARough/ASmooth) 1.4 1.2 1.126 1
Relative roughness (/D) 7.25× 10−3 3.25× 10−3 1.13× 10−3 1.25× 10−4
Figure 3.18: Smooth and rough cylinders.
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Figure 3.19: Surface profiles of cylinders.
Figure 3.20: Keyence VHX digital microscope photographs , and surface profile
of smooth cylinder.
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Figure 3.21: Keyence VHX digital microscope photographs , and surface profile
of fine roughness cylinder (/D = 1.13× 10−3).
Figure 3.22: Keyence VHX digital microscope photographs , and surface profile
of middle roughness cylinder (/D = 3.25× 10−3).
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Figure 3.23: Keyence VHX digital microscope photographs , and surface profile
of high roughness cylinder (/D = 7.25× 10−3).
Figure 3.24: Keyence VHX digital microscope photograph for calculating the area
of middle roughness (/D = 3.25× 10−3).
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3.6 Data collection
3.6.1 Heat Transfer Data Collection
Overall heat transfer rate.
The convection heat transfer coefficient, h, is calculated by measurement the
power input to the internal cartridge heater, Qtot, with computing the effects due
to conduction, Qcond , and radiation, Qrad . In steady state conditions, the energy
dissipated from the cylinder is equal to the power input, which is equal to the rate
of convection heat that transferred to the flow, conduction within the cylinder,
and radiation to the surrounding. Thus the heat supply and heat losses from the
test cylinder can be written as:
Qtot =Qconv +Qcond +Qrad (3.12)
Due to the insulators at cylinder ends that have low thermal conductivity and
the integration of guard heaters and end insulators, conduction heat loss,Qcond , is
neglected.
Thus, the heat transfer by forced convection is estimated as:
Qconv = hAs(Ts − T∞) (3.13)
Where Ts is the cylinder surface temperature, T∞ is the free stream temperature
taken in the wind tunnel. As is the surface area of the cylinder. the heat loss by
radiation from cylinder surface to the ambient air is expressed as:
Qrad = εσAs(T
4
s − T 4∞) (3.14)
Where  is the emissivity of the aluminum surface, which is equal approxi-
mately 0.03 [36] and σ is the Stefan-Boltzmann constant(σ = 5.67× 10−8W/m.K4).
The heat transfer by radiation is comparatively small in this work, in general, it
is less than 5% of the overall heat transfer from the cylinder. To decrease the
fixed error in the calculations, heat loss by radiation is included. Substituting Eqs.
(3.14) and (3.13) into (3.12) with neglect the conduction loss Qcond = 0 , that gives;
h =
Qtot − εσAs(T 4s − T 4∞)
As(Ts − T∞) (3.15)
The current I[A] and voltage V [V ] of the direct current that used for heating of
the cylinder are measured. We assumed that the electrical power Pe = V I is fully
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converted into heat Qtot. The Nusselt number is defined as the ratio of convection
heat transfer to fluid conduction heat transfer at the same conditions.
Nu =
hD
kair
(3.16)
Local heat transfer rate.
To calculate the local values of Nu three quantities must be measured:
• The local heat transfer rate, QL
• The local wall temperature, Ts(θ)
• The ambient temperature, T∞
Local heat transfer rate on the heated cylinder and its surface temperature
together can be immediately measured by using Micro-Foil Heat flow Sensor. Thus
the heat transfer coefficient is estimated as:
hL =
qL − σ (T 4s − T 4∞)
(Ts − T∞) (3.17)
After determining the distribution of the local heat flux and for reducing the
error caused by high-temperature differences and highly non-isothermal surfaces,
the overall heat transfer coefficient could be determined by dividing the mean
value of the local coefficient of heat flux by the mean value of the local surface
temperature:
h =
1
pi .
∫ pi
0
qLdθ
1
pi .
∫ pi
0
∆TLdθ
(3.18)
3.6.2 Flow data collection
For the present study the Reynolds number (the ratio of the inertial forces to
the viscous forces for the flow conditions) is defined as:
Re =
Inertia f orce
V iscous f orce
=
ρU2
D
µU
D2
=
ρUD
µ
=
UD
V (3.19)
where U, the upstream velocity (mean velocity), was measured using a Pitot- static
tube and HWA system. D, the diameter of the cylinder , was measured by using a
digital vernier, and V ,kinematic viscosity was specified from tables [36], all air
properties were determined at the mean film temperature of (Tf = Ts + T∞/2) and
standard atmospheric pressure. Air at a temperature of about 23oC was used.
Thus the results were presented only for a Prandtl number of 0.71.
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3.7 Experimental Procedure
In the absence of airflow, the cylinder was heated electrically until its surface
temperature stabilized at 210oC (±0.5oC), Figure 3.25 shows heating curve for a
typical experiment.
After ensuring the test cylinder surface temperature has reached steady state,
the wind tunnel was started and the gate valve was set to the required mass flow
rate. At each specific mass flow rate, the cylinder was rotated through 180o in
increments of 10o. Figure 3.26 shows the coordinate system (0o at the front of
stagnation point). At each angle, the surface temperature was measured. Another
set of measurements involved measurement of heat flux density by the heat flux
sensor and turbulent level by hot wire anemometer. All these reading was noted
after steady state condition is reached (for more details see Appendix C.2). To
minimise the mistakes in the data, no less than one hundred value (about 2-3
min) of the heat flux and thermocouple outputs were taken and found the middle
value of each reading. Figure 3.27 shows the output fluctuation of heat flux sensor
during this period.
Preliminary tests were performed For two power input (Qtot = 5 and 61 watts)
to observe the temperature distribution around the circumference of the cylinder.
These tests were carried at a flow velocity of 23 m/s and are shown in Figure
3.28. In both cases, the temperature climbed from 0o reaching a peak value at
approximately 90o and then dropped till the angle was 180o. The temperature
difference was higher for the higher heat flux. As shown by Achenbach [92]
the maximum temperature difference occurs where the Nusselt number is at its
smallest on the surface. The relative temperature difference around the cylinder
was about ±4%. This is in good agreement with the values predicted of Achenbach
[92] and rao [119]. It may be concluded that the tests have been performed at the
constant surface temperature boundary condition.
The effect of input power on the total heat-transfer rate is presented as a
function of the Reynolds number in Figure 3.29. As shown in this Figure that
increasingQtot ( from 5 Watt to 61 Watt) does not affect the heat transfer coefficient
i.e. Nu number does not depend on Qtot. Changed in total heat transfer Qtot in
eq (3.15) leads to increase temperature difference (Ts − T∞) and unchanged in h .
This will be the case for forced convection, when the temperature difference may
effect on physical properties that have only a small influence.
Distributions of the local Nusselt number over the circumference of cylinder at
main stream velocity 23 (m/s) shown in Figure 3.30. The results showed that heat
transfer distribution is almost symmetric with regard to the lower and upper half
of the cylinder due to that the equal main flow in the lower and upper halves of
the channel. Therefore, for the rest of the study, the tests are only going to cover
one-half of the cylinder.
57
Chapter 3. Experimental Arrangement and
Instrumentation
Experimental Procedure
[a\
0 0.5 1 1.5 2 2.5 3 3.5 4
25
30
35
40
45
50
Time (hour)
Te
m
p
er
at
u
re
(o
c)
Figure 3.25: Required time to reach the steady state for cylinder surface
temperature with power input 3.9 watts at free convection.
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Figure 3.26: The air flow direction with respect to the cylinder.
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Figure 3.27: Fluctuation of the heat flux measurement at mean stream velocity 23
(m/s).
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Figure 3.28: Temperature difference (Ts − T∞) around the circumference of the
circular cylinder at power inputs of 5 and 61 W.( U∞ = 23(m/s)).
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Figure 3.29: Distributions of the local Nusselt number for 360 deg over
circumference of cylinder (U∞ = 23(m/s)).
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Figure 3.30: Distribution of local Nusselt number in 360 deg at U∞ = 23(m/s).
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4.1 Smooth Cylinder
4.1.1 Total heat transfer
Shown in Figure 4.1 is the average Nusselt number plotted against the Reynolds
number for the two blockage ratios studied. Also shown are empirical correlations
and experimental results from previous studies. The Nusselt number was found
to increase with Reynolds number in all cases. However, considerable variation
in Nu can be observed. The empirical correlations generally predict a lower Nu
than was measured in this work. The other experimental results are both lower
and higher than the results from this study, However, there are differences in both
blockage ratio and turbulence levels in the main stream which are likely to impact
on Nu.
A larger blockage ratio results in higher velocities around the cylinder circum-
ference resulting in increased Nu although high blockage ratios are considered
undesirable as they indicate that the walls of the wind tunnel are influencing the
results. The turbulence level in the main stream also increasing heat transfer rate.
The reported values of blockage ratio and turbulence level for the data presented
in Figure 4.1 are given in Table 4.1. Shown in Figure 4.2 is the effect of different
turbulent levels on Nu for a blockage ratio, β = 0.2.
For making a better comparison Table (4.2), which lists the percentage of
relative deviation of the average Nusselt number at different Re number. The
percentage deviation is calculated according to the following expression.
Deviation (%) =
∣∣∣∣∣∣Nuexp −NucorrNuexp
∣∣∣∣∣∣ (4.1)
It can be seen from Table 4.2 that at high Reynolds number, the Nusselt
number is approximately between 8% and 36% higher than the predictions. The
present data are lower than the results for lower Reynolds number between
2% − 35% compared with Sanitjai [11] and Perkins [89] respectively and 3.2%
higher compared with Churchill and Bernstein [84]. Generally, present results
are similar to those of other workers but they were performed at higher blockage
ratios so they are slightly higher. This gives confidence in going forward. The rig
is behaving as expected and this is satisfactory data to act as a baseline for next
cases.
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Figure 4.1: Comparison of the current results for the average Nusselt number
with previous investigators.
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Figure 4.2: Effect of turbulence levels on average heat transfer.
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Table 4.1: The factors of blockage ratio and turbulence levels for various
investigators.
Auther
β
(%)
Tu
(%)
Perkins , Leppert, [89],Eq.(7) (20.8 , 31.2 , 41,2) 2.9
Peller et al. [34] 30 (4 - 12)
Buyruk, [12] (13.1 - 84.3) (1 - 2)
Scholton A, [54] 19.7 0.5
Scholton B, [55] 19.7 (6.7 - 8.5)
Churchill , Bernstein, [84],Eq.(1) ∼ 0 ∼ 0
Khan et al, [87],Eq.(5) ∼ 0 ∼ 0
Achenbach, [92] 16.4 0.45
Sanitjai , Goldstein, [11],Eq.(9) 14 0.3
Present work (20 , 40) 2.2
Table 4.2: Comparison of average Nusselt numbers from measurements with
values obtained from Churchill and Bernstein [84] , Sanitjai [11] and Perkins [89]
Present work
(β = 20%)
Churchill and
Bernstein
Deviation
(%)
Sanitjai
Deviation
(%)
Perkins
Deviation
(%)
50.6 49 3.2 51.6 -2 68.4 -35.1
85 72.7 14.4 86.5 -1.8 98.4 -15.8
113.5 89 21.6 107.5 5.3 122 -7.4
154.5 115.2 25.4 141.4 8.5 162.5 -5.2
186 126 32.5 155.1 16.8 179.5 3.8
212.6 136 36 168 21 195.6 8
Mean Deviation 22.2 % 7.9 % -8.6 %
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4.1.2 Local heat transfer
The local Nuθ at β = 40% and Tu= 2.2 are shown in Figure 4.3 plotted against
versus angular position between the front stagnation point (θFsp = 0) and the rear
stagnation point (θRsp = 180o ). Data is shown for a range of Reynolds numbers
from 16200 to 87000.
The variation of heat transfer coefficient around the cylinder can be roughly
split into three divisions, 0o < h < 85o , 85o < h < 135o and 135o < h < 180o. The
maximum Nuθ is achieved near the front stagnation point (Fsp) for all Reynolds
numbers. The heat transfer coefficient decreases after the front stagnation point
reaching a minimum value at about θ = 90o (at the side of the cylinder). As
discussed in Section 2.2, this decrease inNuθ is due to the increasing the thickness
of the laminar boundary layer along the surface which increasing in the thermal
resistance at the surface. In the second regime, 85o < h < 135o the value of Nuθ
starts to increase. The minimum Nuθ changes with Re, it is at 90o for the lowest
values of Re and then moves forward to ≈ 85o as the highest values of Re. Two
types of behaviour can now be observed. At the lowest Reynolds numbers tested
the Nuθ remains constant or only slow increases as the angles increases to 130o.
At higher values of Re (greater than or equal to 34500) the Nuθ increases rapidly
reaches a maximum and then decreases (Sec. 2.2). In next final part of the surface
≈ 130o to 180o the value of Nuθ increases for all values of Reynolds numbers.
Shown in Figures 4.5 and 4.4 are the angular variation in Nu at β = 20% , where
the local Nusselt number was compared with previous works at same blockage
ratio with high and low turbulence levels, Figure 4.4. As shown in this Figure, the
present results correspond with the prior studies [54, 55] and the aforementioned
turbulence variations significantly affect the local Nusselt number.
Figure 4.6 shown both the front and rear part contribution of heat transfer.
From 0o to 90o (front part) is where the higher heat transfer occurs. The slope
of lines in Figure 4.6a indicated that the heat transfer of the front part is higher
at low Re and starts to decrease with increasing Re. As a result of a high mass
flow rate, the mixing and turbulence increase at the back of the cylinder and thus
the contribution from the rear half of the cylinder was slightly higher compared
to that from the front half. While at low Re number, the free shear layer may
reattach. however, the periodic swirls do not become fully turbulent and the
swirl forming zone is away from the rear cylinder surface. Hence, the impact of
periodic swirls and the re-attached free shear layer on the Nusselt number are
comparatively small. That effect is more obvious at the big blockage ratio because
of reattaching region (85o to 135o). Similar observations were made the previous
work of [8, 11, 13]
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4.1.3 Effect of blockage ratio on heat transfer
The total Nusselt number was seen to increase with the blockage ratio. The
effect of the blockage ratio ( β =0.4 and 0.2) can be seen on local heat transfer by
comparing Figure 4.3 and Figure 4.4, respectively, It is seen from these Figures
that the location of the boundary layer separation depends on the blockage ratio,
as higher blockage causes separation to be delayed. At β = 0.4, Figure 4.3, the
minimum local Nusselt number is moved to the downstream side of the cylinder
about by 10°. This is due to the increasing the velocity around the cylinder outside
the boundary layer which leads to changes in the distributions of velocity and
pressure inside the boundary layer.
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Figure 4.3: Variation of local Nusselt number on the smooth cylinder at β = 0.4.
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Figure 4.4: Variation of local Nusselt number on the smooth cylinder at β = 0.2.
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Figure 4.5: Effect of turbulence levels on local Nusselt number variation at
β = 0.2.
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Figure 4.6: Heat transfer rate in the front and rear part of a cylinder at blockage
ratio (β=0.2 and 0.4).
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4.2 FST Effect
4.2.1 Total heat transfer
Shown in Figure 4.7 are the overall Nusselt numbers for different values of Tu.
As the Reynolds number increased so do the Nusselt number. The Nusselt numbers
also increased with Tu. The measurements performed with the grid are noticeably
bunched together in comparison to the dataset where a turbulence generating grid
was not used. The relationship between heat transfer and turbulence intensity
at a constant Reynolds number is shown in Figure 4.8. It can be concluded that
increasing the turbulence intensity is associated with an increase in the mean
heat transfer and the results indicate that the largest increases in Nusselt number
occur at the highest value of turbulence intensity. This seems reasonable on
the basis of conclusions of previous studies which indicate that increases in free
turbulence intensity lead to increase heat transfer rate at Reynolds number larger
than 104 [43, 58]. Also, the results in Figure 4.8 indicate that for a constant
Reynolds number there seems to be almost a linear relationship between heat
transfer and turbulence intensity level in the range, 2.2 < T u < 9.7 percent.
4.2.2 Local heat transfer
Effect of turbulent intensity on local Nusselt number around the smooth cylinder
for different Reynolds numbers are shown in Figures (4.9 - 4.13).
Shown in Figure 4.9 are the circumferential Nuθ number for a Reynolds
number of 1.6x104 for increasing Tu. Maximum values of Nuθ number occur at
θFsp = 0o (the front stagnation point) and at θRsp = 180o ( rear stagnation point).
From θ = 0o the Nuθ number decreases this is associated with the increase of the
boundary layer thickness from 60o to 90o , the local Nuθ number drops rapidly on
account due to changes in the velocity profile of main-stream and its effect on the
boundary layer. The minimum value of Nuθ occurs at 100o , it then increases in
the rear part of the cylinder is because of the swirl impacts in the cylinder wake
region as discussed in Sec.2.2. The grid makes little difference in local Nusselt
number at this Reynolds number, therefore, increasing turbulence intensity from
2.2% to 9.7%, the total Nusselt number increases about 5.4%.
The results for the next Reynolds number tested Re (3.5x104) are shown in
Figure 4.10. The increased turbulence in the flow makes a clear difference in two
distinct area from 0o to 60o, and from 90o to 140o. The effect of the freestream
turbulence leads to distortion of the boundary layer and of the velocity profile
within it, due to this effect the heat transfer rate increase in the laminar flow region
from 0o to 60o. At around 90o the separation occurs. The heat transfer sharply
increases after separation point and achieve a peak about θ = 120o at low Tu (2.2)
and θ = 110o for other Tu, this effect is due to a flow re-attachment where new free
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stream air is moved nearer to the cylinder. In the region after the reattachment,
the boundary layer continues developing and becomes plainly turbulent then
separates again about θ ≈ 140o.
The Nuθ number distribution at high Re 7.5x104 and 8.7x104 are shown in
Figures 4.12 and 4.13 respectively. At Tu = 2.2 (no grid), the Nu number steadily
decreases from the front stagnation point (Fsp) until it achieves a minimum at the
separation point. From θ ≈ 85o to θ ≈ 150o a hump in the heat transfer data can be
observed. This has been attributed to secondary vortices in the cylinder wake [54].
From θ ≈ 150o, the Nuθ number increases associated with the unsteady flow and
the irregular vortex shedding in the wake. At Tu of 9.7%, there is a minimum value
Nuθ associated with the separation point moves toward downstream at θ ≈ 90o.
A ‘hump’ in the heat transfer results occur corresponding to the re-attachment
of the flow stream. The flow becomes unsteady (turbulent) and lastly, turbulent
boundary layer separates at around 150o where the second least Nuθ number
occurs. After the second separation point, the heat transfer increase because of
increasing the turbulent.
The data from this study shows good agreement with previous studies [57,120].
Similar magnitudes of heat transfer increase have been reporting (Re = 3x104 for
T u < 5%) and similar changes to the heat transfer across the cylinder have been
observed (the appearance of a (hump) in the wake).
The results presented above can be summarized in Figure 4.14. Free stream
turbulence results in increases in the heat transfer around the cylinder by deforma-
tion the boundary layer and making it turbulent. An increase of Tu from 2.2% to
9.7% is not just accompanied by an increment of the heat transfer rate on the front
part of the cylinder where the flow is laminar, but the boundary layer becomes
turbulent and rather than separating at θ = 90o, separates at about θ = 150o, this
helps to increase total Nu number about 13 %, at Re = 7.5x104.
4.2.3 Impact of turbulence length scale on heat transfer
The impact of turbulence length scale Lx onNuθ number at constant Re number
and T u is displayed in Figure 4.15. Increasing the turbulent length scale from
0.007m to 0.012m resulted in few changes to the heat transfer distribution. There
is some impact before and then after separation. The impact on the total Nu
number is slight. These results are in line with those in the literature where both
an increase and decrease in the heat transfer due to changes of length scale have
been reported.
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Figure 4.7: Relationship between Nu number and Re number with different
turbulence level.
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Figure 4.8: Effect of turbulence intensity on Nu number at different Re number.
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Figure 4.9: Variation of local Nusselt number on the smooth cylinder at
Re = 1.6x104.
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Figure 4.10: Variation of local Nusselt number on the smooth cylinder at
Re = 3.4x104.
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Figure 4.11: Variation of local Nusselt number on the smooth cylinder at
Re = 4.8x104.
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Figure 4.12: Variation of local Nusselt number on the smooth cylinder at
Re = 7.5x104.
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Figure 4.13: Variation of local Nusselt number on the smooth cylinder at
Re = 8.7x104.
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Figure 4.14: Comparison of the local variation of Nu number around a cylinder
for turbulence intensity 2.2% and 9.7% at Re number 7.5x104.
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Figure 4.15: Distributions of the local Nu number along the perimeter of the
circular cylinder for the two different turbulent scales at Re = 7.5x104.
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4.3 Roughness Effect
4.3.1 Total heat transfer
The total heat transfer coefficient at different roughness heights are shown in
Figure 4.16. As the roughness increased the overall Nusselt number increased. As
the Reynolds number increased the impact of surface roughness also increased
resulting in enhanced heat transfer. These results are in agreement with those
of Achenbach [38, 121] and Zukauskas [73] who showed similar increases. They
attributed the increase in heat transfer to changes in the boundary layer around
cylinder these will become apparent in the local heat transfer measurements.
Table 4.3, illustrates the increase of the total heat transfer because of the surface
roughness compared with the smooth cylinder.
4.3.2 Local heat transfer
In Figures 4.17 - 4.19 the local Nusselt number around the cylinder is shown
for different Re numbers for each of the three roughnesses tested.
The results of the smallest roughness (/D = 113xl0−5) for five flow rates shown
in Figure 2.16. The results are similar to those observed for a smooth cylinder.
At low Reynolds number, the max Nuθ is seem at the forward separation point
(θ = 0o), Nuθ then decreased achieving a minimum at an angle of θ = 90o. As the
angle increased so did Nuθ. At higher values of Re, the existence of a recirculation
becomes apparent from θ = 80o to θ = 140o.
Shown in Figure 4.18 is the local heat Nusselt number for a roughness of
/D = 325x10−5. At the lowest Reynolds numbers the local heat transfer is again
as observed for smooth cylinders, a peak value of Nuθ was observed at 0o which
then decreased reaching a minimum at an angle of 100o after which the heat
transfer increased. However at a Reynolds number of 48500 the heat transfer
profiles changes. The Nuθ at the forward separation point remains relatively
constant and then there is a rapid rise in Nuθ starting on the front face of the
cylinder. The resulting peak in Nuθ encompasses the range 60o to 110o (this range
was larger for higher Re). Similar results were observed for the largest roughness
tested (/D = 7.25× 10−3 ) as shown in Figure 4.19. the main difference was that
peak in heat transfer from 60o to 110o was observed at lower values of Re. The
largest values of Nuθ were recorded, ≈ 800, for /D = 7.25× 10−3 at Re ≈ 87000.
Figures 4.20 and 4.21, represent the localNuθ number at a consistent Reynolds
number for different roughness levels. At Re = 3.5xI04, Figure 4.20, the sub-
critical (laminar) flow is still covered the entire cylinders at smooth and two
lower roughnesses. However, the highest roughness just induces critical flow
conditions. At highest roughness leads to move separation point downstream at
about θ = 140o. At Re = 7.5x104, Figure 4.21, the laminar-turbulent transition
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occurs on the front part of the cylinder (θ < 90o) for each of the three roughened
cylinders. The transition point takes place at about θ = 40o and θ = 0o for
/D = 1.13× 10−3 and /D = 7.25× 10−3 respectively. The turbulent flow regime
is found for the cylinder covered with the highest roughnesses where turbulent
flow covers the entire cylinder. At smallest roughness, the separation bubble
phenomenon (reattach) occur as well which help to substantial increase of the
heat- transfer coefficient.
From these Figures (4.20 and 4.21) it can be seen that the critical Re number
(Recr), declines with increasing roughness element. This is conceivable, with
decreasing Re number causes the increasing thickness of boundary layer which
results in submerge the roughness gradually in it.
At the Re number lower than critical Reynolds number (Recr), the laminar
boundary layer develops from the Fsp (θ = 0o) then it separates at angle about
(θ = 100o). But at the Re number higher than critical Reynolds number (Recr), the
surface roughness help to aggravates disturbance near the cylinder surface and
induces the transition to the turbulent boundary layer, and thus increase local
heat transfer with θ. Due to boundary layer transition, a sudden difference in Nuθ
number happens at a specific angle from the Fsp (θ = 0o) which relies on a surface
roughness and Re values. Table (4.4) appears the angular position of transition
point (θ) as a function of roughness height and Reynolds number. It is quite clear
that the transition point moves upstream, towards the front stagnation point (Fsp)
with increasing Reynolds number. Additionally, at a fixed angular position on the
front half of the cylinder, the boundary layer transits from laminar to turbulent
flow at lower Reynolds numbers with increasing relative roughness (/D). In the
other words, the angle of transition decrease with increase Reynolds numbers or
relative roughness (θt α
1
Re /D ).
Appropriate surface roughness provides considerable heat-transfer improve-
ment. Figure 4.22 shows the comparison of local heat-transfer for highest rough-
ness (/D = 7.25x10−3) and smooth cylinders. it is obvious that due to movement
of the transition point toward upstream in high Re number, the heat transfer
increases over the front part of the cylinder, and thus the contribution of the heat
transferred from the front half of the cylinder is more than in the rear position of
the rough cylinder. Generally, in average the total heat transfer increases about
11% in the fine surface roughness (/D = 1.13x10−3), and about 46% in the high
surface roughness (/D = 7.25x10−3).
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Figure 4.16: Effect of surface roughness on total heat-transfer coefficient.
Table 4.3: The increasing of the total heat transfer due to the roughness of the
surface, compared with the smooth cylinder.
Present Work Smooth
/D =
(1.13× 10−3)
Deviation
(%)
/D =
(3.25× 10−3)
Deviation
(%)
/D =
(7.25× 10−3)
Deviation
(%)
1.6x104 111 116 3.7 120 8 122 9.4
3.5x104 173 181.6 4.3 191 10.4 233 34.5
4.9x104 229 239 4.4 269 17.8 333 45.7
7.5x104 317 376 18.3 425 34 531 67.5
8.7x104 356 448 26 499 40.5 619 74.1
Mean
Deviation
/ 11.4 % 22.1 % 46.3 %
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Figure 4.17: Variation of local Nusselt number at /D = 1.13× 10−3 and variable
Re numbers.
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Figure 4.18: Variation of local Nusselt number at /D = 3.25× 10−3 and variable
Re numbers.
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Figure 4.19: Variation of local Nusselt number at /D = 7.25× 10−3 and variable
Re numbers.
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Figure 4.20: Local heat-transfer coefficient at Re = 3.5x104 and variable
roughness levels.
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Figure 4.21: Local heat-transfer coefficient at Re = 7.5x104 and variable
roughness levels.
Table 4.4: An angular position of transition point as a function of Re number and
roughness parameter /D.
Re number /D = 725x10−5 /D = 325x10−5 /D = 113x10−5
1.6x104 - - -
3.5x104 60o - -
4.9x104 30o 50o -
7.5x104 0o 30o 40o
8.7x104 0o 20o 30o
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Figure 4.22: Comparison of the local variation of Nu number around a smooth
and highest roughness cylinder (/D = 725x10−5) at Re number 7.5x104.
83
Chapter 4. Experimental results and
discussion
Combined effects of FST and roughness
[a\
4.4 Combined effects of FST and roughness
4.4.1 Total heat transfer
The Figure 4.23 has been separated to demonstrate the slope of the heat transfer
curves for the four cylinders at the different levels of roughness and FST. It can
be shown that the slope of a simple relationship between Re number and Nu
number (Nu = aRem) is changing depending on the values of surface roughness
and turbulence intensity. where the slope is affected by increasing FST and
roughnesses, in other words, these effects combine. At relative roughness /D =
1.13x10−3, this changing occurs at Re number 4.9x104, while it happens with low
FST at higher Re number (7.5x104). At higher relative roughness /D = 7.25x10−3,
due to combining effect of roughness and FST, the critical Reynolds number move
to less value, i.e. the critical Reynolds number is reached faster, these will become
clearer in measurements of local heat transfer.
The Nuθ number gradually increases since a laminar to a turbulent boundary
layer transition point moves upstream when reaching the critical Reynolds number
(Recr). At this stage, the slope of relationship Nu = aRem stepwise changes. This
can be clarified by expanding of the laminar boundary layer in the Reynolds
number before the critical Reynolds number. Hence an extensive part of the
surface is wrapped by laminar boundary layers which represent a significant
resistance to heat transfer. Beyond the critical Reynolds number, the local Nuθ
number rapidly increases because of the transition of boundary layer close to the
cylinder surface to turbulent layer. Furthermore, the value of critical Reynolds
number decrease according to surface roughness and FST values in contrast to the
results for the smooth cylinder at low FST (Rec ≈ 1x105).
The Figure 4.23 also indicate that at Re number 4.9x104 (sub-critical regime)
with the small rough element (/D = 1.13x10−3), an increase of turbulence to 10%
leads to a 20% increase of total Nu number. With further expansion of Reynolds
number(7.5x104) , the effect of turbulence on the total Nu number grows to 27%.
In the highest surface roughness (/D = 7.25x10−3), an increase of turbulence
intensity from 2.2 to 10% gives a 16% increase in the mean Nu number at Re=
4.9x104 and a large increase in the total Nu number occurs about 12% with a
further increase of Re to (7.5x104).
Combining effect of roughness and turbulence intensity together lead to multi-
plying the heat transfer compared with smooth one at (Tu = 2.2, without grid), an
increase of turbulence intensity from 2.2 to 9.7% gives a 45% and 80% increase in
the mean heat transfer at Re= 7.5x104, In the surface roughness (/D = 1.13x10−3),
and (/D = 7.25x10−3), respectively.
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4.4.2 Local heat transfer
The combined influence of these two factors (FST and surface roughness ) on
local heat transfer are shown in Figures (4.24-4.26). As shown in these Figures,
the surface roughness and FST exert a certain effect on the flow field around the
cylinder, in the low Reynolds number, the turbulence in the main flow and surface
roughness have no clear influence on the heat transfer coefficient, while in the
high Reynolds number range, the variation of Nuθ number depends on both of
these two factors. In general, when the surface roughness and/or FST increase the
Re number which the critical flow regime is formed declines. The existence these
two factors augments the heat transfer in critical flow range. Additionally, these
Figures indicate that the surface roughness has the higher impact than FST on
heat transfer i.e. the most dominance influence.
Figure 4.25 shows the impact of the FST on local heat transfer behaviour with
a moderate relative roughness (/D = 325x10−5 ) for different flow rate. These
curves help to determine the predominant fraction of FST. It can be seen that the
maximum influence of the turbulence of free-stream at Re Number 3.5x104. In
this range of Re number, the additive action of the FST and the surface roughness
produced the velocity fluctuations in the boundary layer, with a further increment
of Reynolds number and after the vanishing of reattaching region (θ = 100o−150o),
the impact of a surface roughness and low thickness of the boundary layer produce
greater increase of the heat transfer. Moreover, in the high flow rates, the heat
transfer coefficient augmentation relative to the low turbulence intensity (no grid,
T u = 2.2) is significant in the laminar boundary layer (θ = 0o − 60o), caused by the
upgrade of velocity fluctuations resulting from increasing turbulence intensity. At
the front stagnation point, The heat transfer demonstrates a general tendency to
increment with turbulence intensity, this particular behaviour contingent upon
the Re number, it is not clear in lower Re number. It is also clear that the impact
of turbulence intensity is confined and is most grounded in the front half of
the cylinder, its impacts becoming noticeably less at higher angular positions
(θ = 70o − 100o). No precise impact of turbulence can be seen in the rear half of
the cylinder.
At a fine relative roughness (/D = 1.13 × 10−3 ), Figure 4.24, the effect of a
turbulence intensity on local heat transfer coefficient is similar to that correspond-
ing to a moderate roughness (/D = 3.25x10−3), Figure 4.25, but the trend of the
curves are slightly different. In particular, the maximum influence of the turbu-
lence intensity occurs at higher Re number, 4.9x104 compare with 3.5x104 at a
moderate relative roughness (/D = 3.25×10−3 ). It can be seen that the increase of
heat transfer is, in this circumstance, governed by the level of turbulence intensity
only.
At a high relative roughness (/D = 7.25 × 10−3 ), Figure 4.26, no clear aug-
mentation of the heat transfer was observed with the increase of the turbulence
intensity in reattaching region (θ = 100o − 150o). By analogy, the effect of relative
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roughness which is made the boundary layer thicker by adding the streams sep-
arating has made this region has the lowest value of heat transfer. In the other
hand, still, the direct effect of turbulence intensity on the heat transfer coefficient
augmentation in the front part of the cylinder (θ = 0o−60o) is considerable. Figure
4.27 below shows the combined effect of free stream turbulence and the roughness
on the enhancement of heat transfer at Reynolds number 7.5x104, resulting from
increase FST to (T u = 9.7%), as indicated in Region I, while Region II represents
the enhancement of heat transfer because of the roughness(/D = 7.25x10−3).
In general, In the sub-critical flow regime, the augmentation of the relative
roughness or of the FST (turbulence level) can give just a moderate increase of
the heat transfer. Whilst, in the critical flow regime, a higher relative roughness
helps to increase heat transfer coefficient and to an earlier laminar to turbulent
transition in the boundary layer i.e a prior onset of the critical flow regime. A
similar tendency was seen with increasing of the turbulence intensity.
It is pertinent to mention that the local Nuθ number differs impressively
around the circumference, many applications frequently require average heat
transfer over different zones. The mean heat transfer for the front part (the
transitional region) which is covered by the laminar boundary layer, and the
rear part (the turbulent boundary layer) are shown in Figures (4.28 and 4.29),
respectively.
As shown in these Figures and as expected, the heat transfer is high in the
rear half of the rough cylinder compare with the smooth one, because of the air
dynamic behaviour in this region still more complex and effect which incorporates
the turbulent boundary layer and the separation point.
On the other hand, the increase of the turbulence intensity leads to the heat
transfer increasing in the front part for both smooth and rough cylinders, with an
increase of turbulence intensity up to 10% the heat transfer averaged increasing
by about 19% and 13% for smooth and rough cylinders, respectively. While in the
rear part the heat transfer is autonomous of the turbulence level, the vortex flow
effect becomes more predominance.
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Figure 4.23: Effect of turbulence level on total heat-transfer coefficient for
different surface roughness, (a) Smooth cylinder, (b) /D = 1.13× 10−3, (c)
/D = 3.25× 10−3, (d) /D = 7.25× 10−3
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Figure 4.24: Effect of turbulence level on local heat-transfer coefficient at
/D = 1.13× 10−3 for different flow rate, (a) Re = 16200, (b) Re = 34500, (c)
Re = 48500, (d) Re = 75000, (e) Re ≈ 87000
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Figure 4.25: Effect of turbulence level on local heat-transfer coefficient at
/D = 3.25× 10−3 for different flow rate, (a) Re = 16200, (b) Re = 34500, (c)
Re = 48500, (d) Re = 75000, (e) Re ≈ 87000
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Figure 4.26: Effect of turbulence level on local heat-transfer coefficient at
/D = 7.25× 10−3 for different flow rate, (a) Re = 16200, (b) Re = 34500, (c)
Re = 48500, (d) Re = 75000, (e) Re ≈ 87000
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Figure 4.27: The combined effect of FST and roughness on the enhancement of
heat transfer at Re number 7.5x104. I- effect of FST (T u = 9.7%), II- effect of
roughness (/D = 725x10−5)
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Figure 4.28: Average heat transfer at the front and rear parts of the smooth
cylinder (a) front half , (b) rear half
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Figure 4.29: Average heat transfer at the front and rear parts of the rough
cylinder (a) front half , (b) rear half
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4.5 Flow field in the wake region
For a range of mass flow rates, the frequencies of vortex street (shedding)
are demonstrated in Figures 4.30 and 4.31 for blockage ratios 20% and 40%,
respectively. As shown, only one single peak frequency was recognised for each
flow rate. These figures clearly indicated the increase in mass flow rate (Re.
number) with increasing the frequency of vortex shedding. Moreover, the value of
vortex shedding frequency decreases with blockage ratio.
Figure 4.32, shows the effect of the blockage ratio (β) on the Strauhal number
which is helped to determine the dominating wake region frequency by defining
the ratio of vortex shedding frequency and cylinder diameter to mainstream
velocity (St = f .D/U ). As shown the relationship between Strouhal numbers and
Re numbers at blockage ratio β = 20% is linear and the St number shows a slight
decrease with Re number increase (about 0.2 for all Re range). These results are
good agreement with the previous investigations [17, 122]. It is also shown that
at β = 40%, the St number increases with Re number growing, also rises with
increasing β (and vice versa), that occurs because the velocity at the separation
point increases compared to unconfined flow conditions [17].
Figure 4.33 shows how the frequency of vortex shedding (St numbers) is
affected by different Tu levels at constant Re number. The velocity fluctuations
were collected at an averaged Re about 5x104. The turbulence intensity levels are
varied between ≈ 2.2% and ≈ 9%.There are clear indications that, the increase in
the FST level has comparable consequences for the St number as an increment in Re
where the Strouhal number is increased with growing the free stream turbulence
intensity. This augment agrees well with the observations by Norberg [123] and
Khabbouchi [53], who found that the Strouhal number increases by 20% from a
turbulence intensity of 0.3% to 6%.
Shown in Figure 4.34 are the RMS coefficients and turbulence intensity level
of the fluctuating velocity in the near-wake region for blockage ratios 20% and
40%. It is quite clear that they are directly dependent on the Reynolds number,
while the blockage ratio has no clear influence.
The effect of turbulence intensity and blockage ratio are not only on the sepa-
ration boundary layer on the cylinder surface but also in its interaction with the
separated shear layers and the wake region. Mostly, the zone beyond the cylinder
consists firstly from separated boundary layers then vortices which in turn rotate
in the same positioning or are orderly shed from the surface and therefore config-
ure vortex street phenomenon [2]. The free stream turbulence intensity has two
important roles: firstly, it augments the level of turbulence inside the separating
shear layer and therefore it helps to accelerate the formation and the breakdown
of the vortices. Secondly, the FST decreases the forming length which leads to
prevent the separating layer from developing near the wake region.
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Figure 4.30: Power Spectral Densities of velocity fluctuations in wake region at
the different mass flow rate (kg/s) with blockage ratio β = 20%
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Figure 4.31: Power Spectral Densities of velocity fluctuations in wake region at
the different mass flow rate (kg/s) with blockage ratio β = 40%
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Figure 4.32: The relationship between the Strouhal number and the Reynolds
number for different blockage ratio
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5.1 Introduction
With developing in technology and science, the measurement tools and their
quality are excessively increasing, principally in some fields, like scientific re-
search, surveillance systems, medical domains, aerospace and so on. One of the
best ways for obtaining the temperature distribution map of the surfaces is to use
infrared thermo-vision techniques which consist of a source of heating, infrared
camera, and PC. The thermography method is a non-intrusive technology which
does not request direct contact with tested surface [124].
Among all the non-destructive methods, the IR technique plays an interesting
role. In general, thermal Infrared imagery participates several optical techniques
like ultraviolet (UV) and visible (VIS) techniques and they are widely used in the
study many of the engineering applications especially in manufacturing processes.
Furthermore, using the IR imaging to study temperature distribution of cylinders
in cross-flow is not commonly adopted [125]. Therefore, IR images used with the
IR transparent materials could help to better understand the heat transfer process
from the rough cylindrical surface. This technique is very helpful to get detailed
data from the rough cylinders in cross flow.
5.1.1 Background
The advantages of IR cameras are that they are a non-contact technique with
fast response [124]. Recently, thermal cameras operating in the far-infrared range
have evolved to powerful tools to investigate heat flux as well as to measure the
surface temperature field over complex forms [126, 127]. Thermal IR technology
depends on measuring the emitted thermal radiation from a surface and then
converting these measurements to visual images by means the post-processed with
a numerical model [128, 129]. The radiant temperature of a material is related
to the surface emissivity [126]. On the other hand, it is hard to determine the
relation between surfaces temperature and its roughness. Therefore, it is very
interesting to study the effect of surface roughness on the temperature maps of a
material surface.
5.1.1.1 Theory
All bodies, with a temperature more than absolute zero, emit thermal energy
as an electromagnetic radiation over a broad range of wavelengths from the
ultraviolet band (UV) up to the infrared band(IR) [130]. The electro- magnetic
spectrum is divided into a number of wavelength bands as seen in Figure 5.1 ;
The infrared region, the wavelength between 750 nm to 1000 µm [131] is in turn
sub-divided into four arbitrarily chosen zones [127] :
1. near infrared (0.75− 3µm).
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2. middle infrared (3− 6µm).
3. far infrared (6− 15µm).
4. extreme infrared (15− 1000µm).
Figure 5.1: Spectrum of electromagnetic radiation [35]
Emissivity: All surfaces have a different emissivity which impacts the thermal
radiation emitted from a surface. It is a surface unit-less property and defined
as the relationship between the radiant temperature and the surface tempera-
ture. The emissivity has the value between 0 (completely not-emitting) and 1
(completely emitting and called a blackbody ) [130]. Practically, the emissivity
is affected by many factors, such as temperature, surface roughness, viewing an-
gle, moisture content, etc. However, the most influential factors are the surface
temperature and surface roughness [132, 133].
Radiation: Thermal emission is based around the assumption of a perfect emitter
in a thermal equilibrium state (at a constant temperature). The spectral intensity
that represents the radiation energy level at each wavelength described with the
Planck’s relation:
Ebλ(λ,T ) =
C1
λ5[exp(C2/λT )− 1] (W/m
2.µm) (5.1)
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Where,
C1 = 3.743× 108 (W.µm4/m2)
C2 = 1.438× 104 (µm.K)
The spectral distribution of blackbody has maximum values at a specific
wavelength and this wavelength has longer values with lower temperatures, in
the sense that the maximum wavelength value (peak) is inversely proportional
to the corresponding temperature, this relationship was produced by Wien’s
displacement law as shown in equation (5.2). These concepts with more detail are
shown in Figure 5.2 , the Figure reinforces the conception of the maximum value
of wavelength is going down as the temperature increases.
λmaxT = 2897.8 (µm.K) (5.2)
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Figure 5.2: Spectral blackbody emissive power [35].
By integrating the intensity of spectral radiation of a blackbody, equation (5.1)
over all wavelengths, the emitted radiation of the full body is calculated and it
may be expressed as:
Eb(T ) =
∫ ∞
0
Ebλ(λ,T )dλ = σT
4 (W/m2) (5.3)
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where the Stefan-Boltzmann constant, which depends on C1 and C2, has the
numerical value.
σ = 5.670× 10−8 (W/m2.K4)
As shown in equation (5.3), the amount of radiation emitted of the blackbody
proportionally to the fourth power of its absolute temperature.
On the other side, the blackbody described as an ideal surface compared
with a real surface, the blackbody is an ideal emitter, in other words, at the
same temperature, no surface can emit more radiation than a blackbody Figure
5.3. The radiation intensity emitted from a real surface could be studied as the
emissivity multiplied by the radiation intensity emitted from a blackbody at the
same temperature, in accordance with:
E(λ,T ) = E(λ,T ).Eb(λ,T ) (W/m2) (5.4)
Substituting Eqs. (5.3) into (5.4) gives;
E(λ) = E(λ).σT 4 (W/m2) (5.5)
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Figure 5.3: Comparison of blackbody and real surface emission [134].
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5.1.2 Literature survey
In the last many years, infrared (IR) thermography has turned into an effective
optical technique for examining flow field crosswise over complicated geometries,
for considering heat exchange or essentially as an analysis device for various
applications [127, 135].
Several specialists have utilized the capacities of the infrared thermography in
many applications, for example, thermal assessment of electrical hardware [136,
137], perception of plastic deformation [138] , assessment of stress damages in
materials [139–141], heat losses in buildings [142–144], observing of deformation
[145, 146], examination of heavy machineries [147] and evaluation of machining
processes (welding, orthogonal cutting, drilling and milling) [148–151].
The primary IR cameras were created in the 1960s as branches of military
projects, be that without exactness features, not suitable to existing needs. Also, It
was essentially utilized as a part of space missions, where the insurance of space
vehicle in reentry stage was of prime significance [152].
The first practical introductions to gauge heat transfer coefficients were in
the mid-1960s when Thomman and Frisk [153] utilized the AGA Thermovision
680SWB operating in a short-wave band 2:5 −5:6 µm to measure the distribution
of the temperature on the surface of an elastomeric paraboloid in a hypersonic
regime. In this study, the thin-film heat flux sensor was used to measure heat
transfer coefficients and compare the results with data of IR system. The study
showed good agreement with data obtained with different systems and it was
encouraging to measure heat flux by means IR techniques.
During the last three decades„ IR systems have developed into capable inves-
tigative tools for thermo-fluid flow examination. Particularly for assessment of
different impacts on heat transfer such as surface roughness [154], boundary layer
monitoring [135, 152, 155, 156], examining the surface flow field conduct over a
range of complicated geometries [127, 135, 152], and existence the surface film
cooling [154, 157, 158].
A number of studies have been published to examine the relationship between
surface roughness and the emissivity which proved that surface roughness has
a deep impact on spectral emissivity [132, 133, 159–161]. Generally, All these
studies show that the emissivity increase with surface roughness. This increasing
depends on topographical parameters like roughness (rough surface area) and
slope (groove angle). In addition, the results of Wen [132, 133, 159, 160] indicate
increasing emissivity with increasing temperature and the emissivity is increasing
with heating time because of oxidizing the surface
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5.2 Experimental set-up
Several improvements carried out on the rig, especially the test section to be
more suitable with IR thermal experiences. During the experiments, the test
cylinder is heated by increasing the power supply to required limit, until the
cylinder reaches the steady state. At that moment, the IR camera recorded all the
available data. Then these data are collected and saved as files on the computer.
Initially, these data are read through software which accompanies the camera, it is
called (Infrared Report Express).
The position and orientation of the thermal camera during the measurements
was similar to the one during the calibrations. The camera was set up on the upper
side of test section at a distance of 10 cm in other words as close as possible from
the heated cylinder to reduce the effect of ambient radiation. Many experiments
have been conducted with different factors such as four levels of roughness and
three levels of flow rates to assess the impact of these factors individually on the
surface temperature distribution.
A set of preliminary tests has been performed to determine the right position
for the camera and to determine the time needed for each test for reaching a
steady state. Figure 5.4 shows surface temperature of the smooth cylinder with
the various flow rate. As can be seen from the figure, the maximum time required
to reach a steady state is about 45 minutes in the low flow rate (0.09 kg/s, Re =
1.6x104). While it take shorter to reach steady state at the highest flow rate (0.5
kg/s, Re = 8.7x104), because of increasing heat transfer coefficient.
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Figure 5.4: Surface temperature variation with time for the smooth cylinder at
the different flow rate.
5.2.1 Materials
An IR thermal system is used in this study to compute the surface temperature
of heated cylinders by measuring the radiation which emitted from it through an
IR transparent sheet. Before the experimental test, the IR imaging camera should
be calibrated by providing the camera parameters like the ambient temperature
and humidity, distance, and emissivity ( where the emissivity of the roughed
cylinder surface is 0.1-0.3 [160], and the polished cylinder surface is 0.03 [36].
while plastic has an emissivity about 0.9 [35]). Then the Images that are captured
are saved to the memory card then can be relocated to a computer via the USB port
or it is also possible to collect data while the camera still connected to a computer.
5.2.1.1 Infrared Camera
The IR optical measurement apparatus that used in this research is (Infrared
Thermometer PCE-TC 31) with manual focus and a field of view (18°x13°).The
field of view (FOV) depends on the viewing distance and on the optics focal
length. the camera is operating in the spectral range of 8−14µm , and a (160x120)
-pixel image resolution format. According to the manufacturer, a measurement
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accuracy of ∓2 ℃ or ∓2% within a temperature range of −20 ℃ to +350 ℃,
and with the thermal sensitivity of only 0.1 ℃ (at 30 ℃). The electromagnetic
radiation emitted by the heated cylinder first will convert into an electrical signal
then will process into an analog representation of the corresponding temperature
distribution. To assign temperature bands, the image pixels are represented by
the gray tones.
5.2.1.2 IR window System
To allow the infrared camera to scan the temperature distribution on the surface
of the cylinder inside test section, an opening of 10x10 cm, Figure 5.5 was cut
on the top side of the test section, and IR translucent sheet (Appendix C.1) was
used. Some of the thermal radiation emitted by the heated cylinders will reflect
and absorb on the translucent sheet, therefore, with each test of IR temperature
measurement it is necessary to calibrate the IR camera with the temperature of
the thermocouple.
Figure 5.5: Schematic diagram of IR window on the top side of the test section
with the Thermographic system.
5.2.2 IR image processing
All images captured by IR technique is consisting of a many of pixels which
have several colors. Thus, the image can be regarded as a two- dimensional matrix
of pixels according to the size (width and length) of the image. Each element
in this matrix has its own gray level in accordance with the color value of the
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corresponding pixel in the image. For instance, the gray level 255 equal to the
white color, in other sense, the largest value in the IR image, and the gray level
0 equal to the black color which represents the smallest value in the IR image,
while, the gray levels between them represents different color values depending
on the corresponding gray values. This image processing technique was used to
convert the color image to a gray image with 256 gray levels. After conversion, a
three-dimensional view can be showed to examine the surface temperature map.
In this study, the ImageJ software was used to convert the color images to gray
images and it and (Infrared Report Express) software were used to extract and
process the data.
5.2.3 Calibration of the temperature measured by IR camera Tem-
peratures
Before the infrared temperature measurements, it is necessary to measure the
temperature of the heating cylinder with a thermocouple and black body tape
(emissivity= 0.95) which have adhered to the centre of the heating cylinder, as
showen in Figure 5.6.
IR and thermocouple measurements are taken at same time. The number of
pixel counts in a selected region (covered by the thermocouple, Figure 5.6) is
registered by the IR camera and its accompanying software, while the thermo-
couple measures the surface temperature in degrees Celsius. From the series of
measurements, the calibration is performed, the relationship is roughly linear, for
the tested temperature ranges, as shown in Figure 5.7. Once this calibration is
obtained, the surface thermocouple position is changed (by rotating the cylinder
about 180o), to allow IR camera of the entire heating cylinder. To ensure accurate
data reduction, this calibration step is performed with each test run. From Fig-
ure 5.7, it can be seen that there are some bumps in the calibration line with IR
translucent sheet also the slope of the calibration curve is changing compared with
sheet absence line, these occur as result of the properties of IR sheet (transmission)
which it is not stable along IR band (8-14 µm) (IR sheet properties in Appendix
C.1).
On the other hand, the size of the images is calibrated using about (5x5) mm2
black-coloured Teflon (high emissivity). In the IR images Figure 5.6, the colour
contrast is used for that purpose, and the hot spot denotes the area marked by the
square black tape.
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Figure 5.6: Calibration of the IR image
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Figure 5.7: Calibration curve of the IR image as measured through the
translucent sheet.
5.3 Results and Discussion
The surface temperature distribution for the entire cylinder with high roughness
at Re = 1.6x104, shown in Figure 5.8, It can be observed that in the direction of
flow, the value of the temperature drops to the front and rear recesses which can be
107
Chapter 5. Infrared Thermography Results and Discussion
[a\
attributed to the increase of the heat transfer coefficient at these points (as shown
in sec.4.1.2) and to the difference in the observation angle ( emissivity decrease). In
addition, Figure 5.8 demonstrates the good symmetry of temperature distribution
at the cylinder surface from centre-line and the highest surface temperature occurs
at the middle of the cylinder about 90o from stagnation line, in other words, at
the lowest Nusselt numbers (sec.4.1.2). The temperature of thermal insulation at
the ends of cylinder seem larger than cylinder because of emissivity difference.
Figure 5.8: Distributions of the temperature for the high roughness cylinder
(/D = 725 ∗ 10−5) at low flow rate (Re = 1.6x104).
The results of the infrared thermo-vision for steady state temperature distri-
bution on the surface cylinder for different flow rate are presented in Figures
( 5.9 - 5.14 ) which include three levels of surface roughness. Figure 5.15 shows
temperature profile within the thermal boundary layer of three rough cylinders
along centre-line (90o from the stagnation line) for different Re numbers.
These Figures show hot and cold spots at locations corresponding to valleys
and peaks respectively on the rough surface. In addition, they show at the same
power supply (65 Watts), the temperature differences between peaks and valleys
increases with the decrease of Re. For instance, on the high roughness surface
(/D = 725x10−5) are about 9◦C and 24◦C at Reynolds numbers 87000 and 16000
respectively, Figures 5.10 and 5.9.
By the assumption that the semi-regular roughness is extended surfaces. There
are two important issues. Firstly, the thermal conductivity of cylinders material
has a strong impact on the distribution of temperature along the extended surface
(rough surface), Which at high Re number (i.e. low boundary layer thickness),
helps to reduce a maximum to a minimum temperature difference, Figure 5.15.
Secondly, the extended surfaces (roughness) have large effect under conditions
which the heat transfer coefficient (h) is small and/or at low Reynolds Numbers
(i.e. a high boundary layer thickness ). Hence, the roughness peaks exhibit a
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faster temperature response because of elevated convective heat transfer for the
flow close from the peaks (where the effect of the main stream). While higher
air temperatures close from the surface inside the thermal boundary layer (at
roughness base).
A mean value and a standard deviation (RMS) for the temperature distributions
are shown in Figure 5.16 and 5.17, respectively. As shown in Figure 5.16 and by
comparing thermal images in Figures ( 5.9 - 5.14 ). It can see that the temperatures
gradient stayed at the same tendency for all the flow rates and the maximum
temperature occurs at low flow rates. Furthermore, as a result of the roughness
of the surface, the temperature distribution is dramatically lower for the high
roughness (/D = 7.25 × 10−3) than it for the low roughness (/D = 113x10−5).
This decline in temperature distribution results from increasing the heat transfer
in the high roughness compared with other cases. Moreover, as can be seen from
Figure 5.17 that the standard deviation (RMS) of the temperature fluctuations
in the transverse direction decreases as Re numbers Increase, and it’s always in
maximum value for each flow rates at the high roughness (/D = 7.25× 10−3).
In summary, Infrared thermography technique appeared as a very powerful
tool which can use to investigate the thermal boundary layer behavior and its
effect on surface temperature. Where it showed clearly that due to the interaction
between boundary layer and roughness, the temperature of the rough element
(fin) have large value at the base where higher air temperatures close from the wall,
inside the thermal boundary layer, and gradually decrease towards the roughness
peak due to high heat transfer coefficient close from the peaks. So, the maximum
to minimum temperature difference depends heavily on element heigh (roughness)
and thickness of boundary layers (Re numbers).
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Figure 5.9: Temperature map and temperature profile along the centerline of
thermal image for rough cylinder (/D = 7.25× 10−3) at Re = 1.6x104.
Figure 5.10: Temperature map and temperature profile along the centerline of
thermal image for rough cylinder (/D = 7.25× 10−3) at Re =8.7x104 .
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Figure 5.11: Temperature map and temperature profile along the centerline of
thermal image for rough cylinder (/D = 3.25× 10−3) at Re = 1.6x104.
Figure 5.12: Temperature map and temperature profile along the centerline of
thermal image for rough cylinder (/D = 3.25× 10−3) at Re = 8.7x104.
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Figure 5.13: Temperature map and temperature profile along the centerline of
thermal image for rough cylinder (/D = 1.13× 10−3) at Re = 1.6x104.
Figure 5.14: Temperature map and temperature profile along the centerline of
thermal image for rough cylinder (/D = 1.13× 10−3) at Re = 8.7x104.
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Figure 5.15: Temperature distributions within the thermal boundary layer of the
rough cylinders at centreline 90o from the stagnation line for different Re
numbers and surface roughness’s.
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Figure 5.16: A mean value for the surface temperature as a function of Reynolds
Numbers for different surface roughnesses.
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Figure 5.17: A standard deviation for the surface temperature as a function of
Reynolds Numbers for different surface roughnesses.
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6.1 Conclusions
The effect of free-stream turbulence and surface-roughness on heat transfer from
cylinders in cross flow was experimentally investigated for a range of Reynolds
numbers (16000 6 Re 6 87000) and a blockage ratio β = 40%. Four levels of surface
roughness (0 < /D < 7.25×10−3) were manufactured. Experiments were carried
out in an open-circuit wind tunnel. Heat flux sensors were used to calculate heat
transfer coefficient, while hot-wire anemometry was employed to measure mean
velocities and the flow turbulence characteristics. Turbulence intensity levels were
varied independently to Reynolds number using perforated plates, values of up to
10% were achieved. An IR thermal camera was used to obtain temperature maps
of the cylinder surfaces. Both the free-stream turbulence and surface roughness
were found to modify the boundary layer around the cylinder enhancing the heat
transfer.
The main conclusions are:
• The heat transfer was found to increase with the turbulence intensity. The
turbulence intensity had little impact at low flow rates. Increasing turbu-
lence levels (from 2.2% to 9.7%) resulted in an increase in the heat transfer
at the front of the smooth cylinder as the separation point was displaced
downstream, this helped to increase heat transfer rate from the entire cylin-
der by about 13 %. Changes in turbulence length scale were found to have
little effect.
• The blockage ratio used in these tests was generally higher than that other
workers (40% compared to typical values of 20%). This was necessary to
achieve the desired Reynolds numbers. This resulted in higher heat transfer
due to increased velocities around the cylinder. The Strouhal number was
also increased compared to workers who used a smaller blockage ratio.
• Cylinder roughness accelerated the occurrence of the turbulent bound-
ary layer resulting in improved heat transfer. The angular position of the
boundary layer transition moved upstream, towards the front stagnation
point as the roughness was increased. Compared to the smooth cylinders
the heat transfer rate increased by 11% for the fine surface roughness
(/D = 113x10−5), and 46% in the high surface roughness (/D = 7.25×10−3),
at 7.5x104.
• The combined impact of roughness and turbulence intensity significantly
increased heat transfer. The critical Reynolds number decreased as both
surface roughness and free stream turbulence increased. However, the sur-
face roughness had a dominant influence. Increasing of turbulence intensity
from 2.2% to 9.7% gave a 45% increase in heat transfer for (/D = 113x10−5),
however for a higher roughness of (/D = 7.25×10−3) the mean heat transfer
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increased by 80%. Whilst changing turbulent intensity mainly impacted
heat transfer on the front part of the cylinder surface roughness increased
heat transfer across the whole surface.
• The thermal camera images showed that the temperature of the base was
higher than the extended rough elements. From this it was concluded that
the thermal boundary layer was of a similar order to the roughness. At low
flow rates a larger base to tip temperature difference was observed due to
the thicker boundary layer. As the Reynolds number increased the tip to
base temperature difference decreased due to the shrinking boundary layer
resulting in a steeper temperature gradient across the extended elements
hence enhancing heat transfer.
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6.2 Recommendations for future work
In view of the previous conclusions and the present comprehension of the impact
surface roughness and FST on flow behaviour and boundary layer around the
circular cylinder, the following list of recommendations are relevant for future
work:
• A more comprehensive assessment of the roughness and FST effect requires
further investigation by using various types of roughness and different types
of Turbulence-Generating Grid for a wider range of Reynolds number to
affirm the present conclusions.
• Experimental work may cover the velocity components and flow behaviour
around the cylinder using PIV system since this will present an additional
explanation of the effects of surface roughness on the flow dynamics.
• It would be interesting to see the effect of surface roughness and FST on
flow characteristics, by using a porous layer around the cylinder to increase
surface roughness and enhance of heat transfer and using polymers (hy-
drophobic material) to reduce surface roughness and drag coefficient.
• This study demonstrates that extensive research is yet required for complete
comprehension of the impact of roughness and FST on liquid flow (various
Pr number) around cylinders.
• Combining IR camera and CFD results might be more developed to better
assess for heat transfer rates and make it more useful.
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Using the curvilinear system of coordinates, as shown in Figure A.1, for laminar
and incompressible flow field, the equations (2.5),(2.6), and (2.7), leads to the
following system of equations [162]:
Continuity:
∂u
∂s
+
∂υ
∂η
= 0 (A.1)
Momentum:
s-direction:
u
∂u
∂s
+υ
∂u
∂η
= −1
ρ
dP
ds
+ v
∂2u
∂η2
(A.2)
η-direction:
dP
∂η
= 0 (A.3)
Bernoulli equation:
− 1
ρ
dP
ds
=U (o)
dU (o)
ds
(A.4)
Energy:
1
α
(
u
∂T
∂s
+υ
∂T
∂η
)
=
∂2T
∂η2
(A.5)
As shown in Figure A.1, for a uniform flow field, (T∞) denoted to the ambient
temperature and the approaching velocity of the flow is assumed to be U∞ . In the
isothermal condition, the surface temperature of the wall (Tw) is higher than the
ambient temperature (T∞) while in the iso-flux boundary case, the heat flux is q.
The velocity distribution of fluid outside the boundary layer, across a cylinder is
represented by U (o), Equation.(2.2).
Boundary Conditions:
Hydrodynamic:
At the surface of cylinder, where η = 0
u = 0 and
∂2u
∂η2
=
1
µ
∂P
∂s
(A.6)
At the boundary layer edge , where η = δ(o)
u =U (o) and
∂u
∂η
= 0 and
∂2u
∂η2
= 0 (A.7)
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Figure A.1: Flow across a circular cylinder [162].
Thermal:
The cases of thermal boundary layer for the uniform wall temperature and
uniform wall flux can be written as follows:
η = 0,
T = Tw for the isothermal boundary condition∂T∂η = − qkf or the isoflux boundary condition (A.8)
η = δT , and T = T∞ and
∂T
∂η
= 0 (A.9)
Velocity and temperature distribution.
Velocity distribution
Using Pohlhausen’s suggestion [163] who proposed a fourth order polynomial
equation to describe the velocity profiles in the boundary layer around the cylinder
as:
u
U (o)
= (2ηH − 2η3H + η4H ) +
ω
6
(ηH − 3η2H + 3η3H − η4H ) (A.10)
where 0 6 ηH = η/δ(o) 6 1 and ω is the pressure gradient parameter, given by
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ω =
δ2
v
dU (o)
ds
(A.11)
Schlichting [164] suggested to restricted ω to the range −12 6ω 6 12.
Temperature Distribution
By Assuming that the thermal boundary layer around the cylinder is thin, so a
third order polynomial equation can be used to describe the temperature profiles
in the thermal boundary layer around the cylinder, as following:
T − T∞
Tw − T∞ = 1−
3
2
ηT +
1
2
η3T for uniform wall temperature (A.12)
T − T∞ = 2qδT3kf
(
1− 3
2
ηT +
1
2
η3T
)
for uniform wall flux (A.13)
Boundary layer characteristics
The momentum equation, can be written in the following dimensionless form:
Uδ2
v
dδ2
ds
+
(
2 +
δ1
δ2
)δ22
v
dU
ds
=
δ2
U
∂u
∂η
∣∣∣∣∣∣
η=0
(A.14)
where δ1 and δ2 are the displacement and momentum boundary layer thick-
nesses.
By solving the equation (A.14), Khan [87] got the local dimensionless boundary
layer and momentum thicknesses:
δ
D
=
0.5√
ReD
√
ω
cosθ
(A.15)
δ2
D
=
0.3428√
ReD
√
1
sin6θ
∫ θ
0
sin5ζdζ (A.16)
where ReD is the Reynolds number, defined as
ReD =
U∞D
v
(A.17)
The values of pressure gradient parameter (ω) are obtained corresponding to
each position along the cylinder surface.
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Fluid flow
The most interest of fluid friction parameters is the drag force FD , which is the
sum of the pressure drag Dp and skin friction drag Df . Pressure drag is due
to the unbalanced pressures on both sides of the cylinder, where the relatively
lower pressures on the downstream surfaces and high pressures on the upstream
surfaces, it can be written in the following dimensionless form:
CDp =
∫ pi
0
Cp cosθdθ (A.18)
where Cp is the pressure coefficient and can be defined as following:
Cp =
∆P
1
2ρU
2∞
(A.19)
By integrating momentum equation with respect to θ, the pressure difference
∆P can be obtained as following:
∆P
1
2ρU
2∞
= 2(1− cosθ) + 8
ReD
(1− cosθ) (A.20)
So, the pressure drag coefficient for the cylinder up to the separation point will
be
CDp =
∫ θsep
0
Cp cosθdθ = 1.152 +
1.26
ReD
(A.21)
Because of viscous shear forces, skin friction drag is produced at the cylinder
surface, Especially, at the attached boundary layer regions, it can be written in the
following dimensionless form:
Cf =
τw
1
2ρU
2∞
=
4
3
ω+ 12√
ReD
sinθ
√
cosθ
ω
(A.22)
The friction drag coefficient can be defined as:
CDf =
∫ pi
0
Cf sinθdθ =
∫ θsep
0
Cf sinθdθ +
∫ pi
θsep
Cf sinθdθ (A.23)
After boundary layer separation, the shear stress is negligible, so the second
integral will be zero and the equation (A.23) can be written as follows:
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CDf =
∫ θsep
0
Cf sinθdθ =
5.786√
ReD
(A.24)
By collecting of both parts of drag coefficient CD , the overall drag coefficient
can be written as:
CD =
5.786√
ReD
+ 1.152 +
1.26
ReD
(A.25)
Heat transfer
The dimensionless average heat transfer coefficient (NuD), is determined by lim-
ited integration for energy equation (A.5), from the cylinder surface to the thermal
boundary layer edge. By assuming that a thin thermal boundary layer along the
cylinder surface, the energy equation (A.5) for the isothermal boundary condition
can be written as follows:
d
ds
∫ δT
0
(T − T∞)udη = −α∂T∂η
∣∣∣∣∣∣
η=0
(A.26)
Using velocity and temperature distribution equation (A.10) and (A.12), and
assuming ζ = δT /δ, equation (A.26) can be simplified to
δT
d
ds
[U (o)δT ζ(ω+ 12)] = 90α (A.27)
This equation can be rewritten separately for the two regions, As shown in
Figure A.1.
δT
d
ds
[U (o)δT ζ(ω1 + 12)] = 90α For rigion I (A.28)
and
δT
d
ds
[U (m)δT ζ(ω2 + 12)] = 90α For rigion II (A.29)
Local thermal boundary layer thicknesses can be obtained by integrating
Equation A.28 and A.29, in the respective regions, with respect to s.
(
δT (θ)
D
)
.Re
1
2
DP r
1
3 =

3
√
45f1(θ)
2(ω1+12)2 sin2θ
√
ω1
cosθ For rigion I
3
√
45f3(θ)
2sin2θ
√
ω2
cosθ For rigion II
(A.30)
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where the functions f1(θ) and f3(θ) are given by
f1(θ) =
∫ θ
0
sinθ(ω1 + 12)dθ (A.31)
and
f3(θ) =
f1(θ)
ω1 + 12
+
f2(θ)
ω2 + 12
(A.32)
with
f2(θ) =
∫ θsep
θ1
sinθ(ω2 + 12)dθ (A.33)
For the isothermal boundary condition, the local heat transfer coefficients, in
both the regions can be written as follows:
h1(θ) =
3kf
2δT1
and h2(θ) =
3kf
2δT2
(A.34)
Thus the dimensionless local heat transfer coefficients, for both the regions,
can be written as
NuD(θ)|isothermal
Re
1
2
DP r
1
3
=

3
2
3
√
2(ω1+12)2 sin2θ
45f1(θ)
√
cosθ
ω1
For rigion I
3
2
3
√
2sin2θ
45f3(θ)
√
cosθ
ω2
For rigion II
(A.35)
The average heat transfer coefficient is defined as:
h =
1
pi
∫ pi
0
h(θ)dθ =
1
pi

∫ θsep
o
h(θ)dθ +
∫ pi
θsep
h(θ)dθ
 (A.36)
The integral analysis is unable to predict heat transfer values for the second
term of equation (A.36). However, the experiments’ data [2, 4, 5] show that the
heat transfer from separation point to the rear stagnation point increases with
Reynolds numbers. Also, Zijnen [6] demonstrated that the heat transferred from
this region can be determined from NuD = 0.001ReD . The share of heat transfer
from the rear portion of the cylinder can be included by integrated the local heat
transfer coefficients to the separation point and averaged over the whole surface,
as follows:
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h =
1
pi
∫ θsep
0
h(θ)dθ =
1
pi

∫ θ1
o
h1(θ)dθ +
∫ θsep
θ1
h2(θ)dθ
 (A.37)
Using equations (A.30)- (A.34), equation (A.37) can be solved for the average
heat transfer coefficient which gives the average Nusselt number for an isothermal
cylinder as
NuD |isothermal = 0.593Re
1
2
DP r
1
3 (A.38)
For the iso-flux boundary case, the energy equation can be written as follows:
d
ds
∫ δT
0
(T − T∞)udη = qρcp (A.39)
By assuming that constant heat flux and thermophysical properties, equation
(A.39) can be rewritten as:
d
ds
[U (o)δ2T ζ(ω+ 12)] = 90
v
P r
(A.40)
This equation can be rewritten separately for the two regions in the same way
as equation (A.27). Local thermal boundary layer thicknesses δT1 and δT2 can be
obtained under iso-flux boundary condition. The local surface temperatures for
the two regions can then be obtained from temperature distribution
∆T1(θ) =
2qδT1
3kf
(A.41)
and
∆T2(θ) =
2qδT2
3kf
(A.42)
The local heat transfer coefficient can now be obtained from its definition as
follows:
h1(θ) =
q
∆T1(θ)
and h2(θ) =
q
∆T2(θ)
(A.43)
which give the local Nusselt numbers at constant heat flux condition.
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NuD(θ)|isof lux
Re
1
2
DP r
1
3
=

3
2
3
√
4(ω1+12)sinθ
45f4(θ)
√
cosθ
ω1
For rigion I
3
2
3
√
4sinθ
45f6(θ)
√
cosθ
ω2
For rigion II
(A.44)
By following the same procedure for an isothermal cylinder as mentioned
above, the average Nusselt number for an iso-flux cylinder can be obtained as :
NuD |isof lux = 0.632Re
1
2
DP r
1
3 (A.45)
By comparing the results for both thermal boundary conditions, The average
Nu number at the iso-flux cylinder is about 6% higher than an isothermal cylinder.
NuD
Re
1
2
DP r
1
3
=
0.593 for an isothermal cylinder0.632 For an iso-flux cylinder (A.46)
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Turbulent vortices generate oscillations in velocity, the vertical (v) and longi-
tudinal (u). Both velocities change with time because of turbulent fluctuations,
figure B.1.In laminar and steady flow, v = v¯ and u = u¯ for all time t, where the
over-bar means a time average. If the flow were unsteady and turbulent then the
velocity contains both a turbulent and a mean component, the flow is expressed as
following.
Figure B.1: Mean and a Turbulent Velocity Component
u(t) =Umean +u
′(t) (B.1)
v(t) = Vmean + v
′(t) (B.2)
In following, an over-bar is used to indicate a time average over long time
interval (from t to t+T), where T is longer than any turbulence time scale, and
shorter than the time-scale for wave fluctuation.
Mean velocity:
Umean =
∫ t+T
t
u(t)dt (B.3)
Turbulent Fluctuation:
u′(t) = u(t)−Umean (B.4)
Turbulence Strength:
u¯ =
√
u′(t)2 (B.5)
Turbulence Intensity:
Tu =
u¯
Umean
(B.6)
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Turbulence Length Scales
During test rig operation, the hot wire anemometer voltages were collected
and converted to velocity by using Labview software and by depending on the
calibration curve. Figure B.2 shows an example of the velocity trace for plate No.
5. The mean velocityUmean is about 15 m/s and turbulence strength of the velocity
u¯ is 0.77 m/s. thus the turbulence intensity is T u = 5.2%.
To transfer the data from the time domain to the frequency domain a fast
Fourier transformation (FFT) was used. The Matlab software package was used
for that purpose. The next section contains the Matlab script. The sampling
frequency is 200 kHz for 5 sec, i.e. the U array ( the velocity trace) consist of 1x106
points.Figure B.3 is shown the amplitude spectrum of the velocity. The velocity in
the frequency domain (aFData) is the fast Fourier transformation of the velocity,
and (L) is the length of the signal.
aFData = f f t(U )
L = length(aFData)
To determine the energy E(f ), power spectra of velocity has been divided by
signal frequency, where power is known as:
P ower = abs(f f t(U )).2/L
The energy density spectrum is shown in Figure B.4.
The integral length scale, (Lx) is used to measure of the largest eddy size in
turbulent flow, the method that is described in [165, 166] was used in the calcula-
tions.
Lx =
[
E(f )Umean
4u¯2
]
f −→0
Where u¯ is the turbulence strength of the velocity (standard deviation), while
E(f ) is equal averaged of first hundred points of frequency when frequency
approaches zero value (at the low frequencies). In this example, E(f ) is determined
to be 1.8x10−3 as f approaches zero, and thus the length scale (Lx) is calculated to
be:
Lx =
(
1.8x10−3m
2
s
)(
14.96
m
s
)
4
(
0.7722
m2
s2
) = 0.0111m = 11.1mm
The dissipation length scale, λx, is a measure of the average dimension of the
eddies responsible for the turbulent energy dissipation.
1
λ2x
=
2pi2
U2u2
∫ ∞
0
f 2.E(f ).df
The trapezoid rule is used for the numerical integration; the integration yields
4.1733x106m2/s4
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1
λ2x
=
2pi2(
14.962
m2
s2
)(
0.7722
m2
s2
)[4.1733x106m2s4
]
= 9.12x105
1
m2
λx = 0.0013m
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Figure B.2: The velocity trace for plate No. 5
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Figure B.3: the amplitude spectrum of the velocity.
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Figure B.4: The Energy density spectrum of velocity
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MATLAB Script
1 % Read in the hot wire signal and process it to get velocity
2 U=vel(:,1,:)
3 % Plot the U-velocity trace
4 Fs=200000; % Sampling frequency of 200 kHz
5 L=length(U); % Number of samples
6 t=(0:L-1)/(Fs); % Time vector
7 plot(t,U); % Plot the velocity trace
8 title('U-velocity trace');
9 ylabel('U-velocity (m/s)');
10 xlabel('time (s)');
11
12 % Perform FFT analysis on the U-velocity signal and plot ...
Amplitude spectrum
13 aFData=fft(U); % Take FFT of U signal
14 n=L/2; % FFT will yield half the ...
number of unique points
15 aFreq=Fs*(1:n)/n; % Frequency array (half the ...
length of signal)
16 aFMag=abs(aFData(1:n)/L); % Normalized Magnitude array ...
(half the length of signal)
17 figure;
18 semilogx(aFreq(2:n),aFMag(2:n)) % Plot frequency against magnitude
19 title('Single-Sided Amplitude Spectrum of U(t)')
20 xlabel('Frequency (Hz)')
21 ylabel('|U(f)| (m/s)')
22 % Plot the energy density spectrum
23 Power=abs(fft(U)).^2/L; %Power is the magnitude squared ...
by L
24 Energy=Power/Fs;
25 Ef0=mean(Energy(2:100))
26 figure
27 loglog(aFreq,Energy(2:L/2+1))
28 hold on
29 X = Ef0 * ones(size(aFreq(2:n)));
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30 plot(aFreq(2:n),X,'Color','red','LineStyle','--');
31 title('Energy Density Spectrum')
32 xlabel ('Frequency (Hz)')
33 ylabel ('Energy, E(f) (=Power/frequency) (m^{2}/s)')
34
35 % Calculate the integral length scale (macro scale) Roach Eqn 15
36 uprime=std(U)
37 uprimesquared=uprime^2;
38 Ubar=mean(U)
39 Tu=uprime/Ubar
40 IntegralLengthScale=Ef0*mean(U)/(4*uprimesquared)
41
42 % Calculate the dissipation length scale (micro scale) Roach Eqn 8
43 for i=1:length(aFreq)
44 Y(i)=aFreq(i)*aFreq(i)*Energy(i);
45 end
46 Z=trapz(aFreq,Y) % Use trapezoid rule for integration
47 Z=Z*2*pi^2/(Ubar^2*uprimesquared);
48 DissipationScale=sqrt(1/Z)
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C.1 Infrared (IR) Material Windows
Infrared (IR) Material Windows (Polymer Film) are moulded in an extremely
thin and flexible 0.457 mm thickness, milky white plastic. The thin design
consistent across the window surface, large apertures, and minimal thermal
expansion coupled with low absorption from 8 - 14 µm make them ideal for a
range of infrared applications.
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Figure C.1: IR windows in the visible spectrum [167].
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Figure C.2: IR windows in the IR spectrum [167]
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C.2 Safe Operating Procedure
Starting up the Rig
1. Check connections, between the (Heat flux, Temperature, and Hot wire)
sensors to Signal Box 1,2 and 3 for proper functioning.
2. Connect a Standard voltage source to the Centrifugal Fans and the Heater
Transformer, Note the indicated power (zero) on the Heater multi-meter.
3. Align the heater rod in the required test cylinder and locate it at a fixed
distance in the test section.
4. Record laboratory temperature and atmospheric pressure. Check manometer
upright position.
5. Turn-on the Pico-logger and LabVIEW software in the selected lab computer.
6. Switch-on Heater Power, adjust the variable transformer to the desired
voltage (max voltage 120 v).
7. Turn - On both switches (Switch Fan A) and (Switch Fan B) in a sequence.
Wait till stabilization (about 5 min).
8. Allow about 1 hour for stabilization. Note, the steady-state read-out gives
constant temperature value at cylinder surface.
9. Record the output signals for (Hot Wire for about 5 min, heat flux for about
3 min, and thermocouples).
10. Repeat the previous step for 180o (increments of 10o) around the cylinder.
11. Change the perforated plate.
12. Follow Steps (8) to (10) to obtain data for different free stream turbulence.
13. Set the gate valve, to control the fans flow-rate.
14. Follow Steps (8) to (13) till completion the range of mass flow rates.
15. Follow Steps (8) to (14) when changing the test cylinder (roughness).
Emergency Shut Down
1. Switch-off the Heater Power, adjust the variable transformer to the minimum
voltage (zero volts).
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2. Allow some time for heat dissipation from the test cylinder. Note, minimum
read-out gives temperature value equal to ambient temp.
3. Turn-off the Pico-logger and LabVIEW software in the PC.
4. Turn-off both switches (Switch Fan A) and (Switch Fan B) in a sequence.
5. Shut down the computers following standard procedure in the Laboratory.
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